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The integrity of collagen network 
is essential for normal function 
and health of articular cartilage. 
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and validated for the examination 
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in revealing the differences in the 
stereological estimates between the 
transgenic and control mice groups 
and also characterized reliably the 
collagen network in cartilage repair 
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Degenerative joint disease is a major cause of functional disability and pain affecting 
globally hundreds of millions people. In the western countries, osteoarthritis is a major 
joint disease most often affecting people over 65 years of age. Aging, joint loading, 
articular cartilage injuries, obesity, and genetic factors are known to influence the 
development of osteoarthritis. In osteoarthritis, the loss of proteoglycans is known to lead 
to a reduction of stiffness in the articular cartilage. The disruption of the collagen network 
especially in the superficial zone of the articular cartilage leads, in addition to the 
reduction in the proteoglycan concentration, also to an increase in the water content of the 
articular cartilage. The swelling of the articular cartilage itself increases the vulnerability of 
articular cartilage and triggers a vicious cycle that leads gradually to total loss of the 
hyaline cartilage. Ultimately this means that the eburnated bone ends start to rub against 
each other. 
The quantitative ultrastructural analysis of the collagen network of articular cartilage 
has proved to be a challenging task. One goal of this thesis was to develop and validate a 
stereologic electron microscopic analysis method for the examination of the articular 
cartilage collagen network. This study indicated that the indirect, zonal estimation of the 
collagen volume and surface densities using the collagen length density and the average 
collagen fibril diameter, or the average of the second powers of the diameters, represented 
a minimally biased and sensitive method for the ultrastructural analysis of the collagen 
network. The technique was also used to analyse the hyaline cartilage collagen phenotypes 
of different mice lines harboring gene mutations affecting either the synthesis or the 
processing of the collagen molecules. The method proved to be sensitive in revealing the 
differences in the stereological estimates between the transgenic and control mice groups. 
The technique was also used to characterize the collagen network of the repair tissue in 
porcine articular cartilage after autologous chondrocyte transplantation which had been 
used to repair the full-thickness local articular cartilage defect. It was shown that after one 
year, the repair tissue contained type-II-like collagen fibrils that appeared to form an 
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Tuki- ja liikuntaelinsairaudet, mukaan lukien nivelien rappeutumasairaudet, ovat yksi 
suurimmista yksittäisistä toiminnallista haittaa ja kipua aiheuttavista sairausryhmistä. 
Nämä sairaudet vaikeuttavat satojen miljoonien ihmisten elämää maailmanlaajuisesti. 
Länsimaissa nivelrikko on yleisin yksittäinen nivelsairaus ja sitä esiintyy suurella osalla yli 
65-vuotiaista ihmisistä. Ikääntymisen, nivelen liiallisen kuormituksen, nivelen 
rustovaurion, lihavuuden ja perinnöllisten tekijöiden tiedetään vaikuttavan haitallisesti 
niveliin ja lisäävän nivelrikon esiintyvyyttä. Nivelrikossa proteoglykaanien pitoisuuden 
vähenemisen tiedetään alentavan nivelruston jäykkyyttä. Kollageeniverkoston 
vaurioituminen erityisesti pinnallisessa nivelrustossa kasvattaa vesipitoisuutta. Tämä 
nivelruston turvotus lisää rustokudoksen vaurioitumisherkkyyttä ja johtaa noidankehään, 
jossa ruston lisävaurio pahentaa turvotusta ja lopulta koko nivelrusto kuluu pois ja luut 
hankautuvat toisiaan vasten. 
Nivelruston kollageeniverkoston hienorakenteen määrällinen (kvantitatiivinen) 
analysointi on osoittautunut hankalaksi tehtäväksi. Tämän väitöskirjatyön päätarkoitus oli 
kehittää ja testata stereologista elektronimikroskooppista menetelmää nivelruston 
kollageeniverkoston tutkimiseksi. Menetelmässä kollageenin tilavuus- ja pinta-alatiheydet 
määriteltiin erikseen pinnalliselle ja syvälle vyöhykkeelle epäsuorasti kollageenin 
pituustiheyden ja keskimääräisen säiehalkaisijan tai säiehalkaisijoiden toisten potenssien 
keskiarvon avulla. Menetelmä osoittautui luotettavaksi ja sisälsi vähemmän virhelähteitä 
kuin aiemmin käytössä olleet nivelruston kollageeniverkoston kvantitatiiviset 
elektronimikroskooppiset tutkimustekniikat. Menetelmällä tutkittiin kollageenien 
synteesiin tai prosessointiin vaikuttavien geenien suhteen poisto- ja siirtogeenisten hiirten 
rustokudoksen kollageeniverkostoa. Menetelmä osoittautui herkäksi havaitsemaan eroja 
geneettisesti manipuloitujen hiirten ja verrokkieläinten välillä. Lisäksi uudella 
menetelmällä tutkittiin nivelrustovaurion korjauskudosta rustosolusiirreleikkauksen 
(ACT) jälkeen. Osoittautui, että korjauskudoksen kollageeni muistutti normaalisti 
nivelrustossa runsaasti esiintyvää tyypin II kollageenia. Vuosi leikkauksen jälkeen 
kollageenin tilavuusosuus ei eronnut verrokkiruston kollageenin tilavuusosuudesta, 
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 1 Introduction 
Degenerative joint disease is a major cause of functional disability and pain affecting 
hundreds of millions people all around the world (Altman 2010). In the western world, 
osteoarthritis and other musculoskeletal diseases are a major economical burden 
accounting for loss of up to 1 to 2.5% of the gross national product of many countries (e.g., 
in the USA, Canada, the UK, France, and Australia). In Finland, it has been estimated that 
musculoskeletal diseases represent for an annual economical burden of 2.5 billion € to the 
national economy (Kiiskinen et al. 2005). It has been estimated that one third of this 
economical burden can be attributed to osteoarthritis alone (Heliövaara et al. 2008; Mäkelä 
et al. 1993). According to epidemiological surveys, the prevalence of radiographically 
detected osteoarthritis is higher than that of symptomatic osteoarthritis. It has been 
estimated that one third of patients with radiologically established osteoarthritis do not 
exhibit any symptoms. On the other hand, every third of symptomatic and clinically 
judged osteoarthritis is radiologically classified as normal (Felson 1998; Gorevic 2004; 
Heliövaara 1996; Hochberg 2001; Sharma 2001). Of all forms of osteoarthritis, symptomatic 
knee and hip joint osteoarthritis account for most of the disability and consumption of 
health service resources (Heliövaara 1996; Mäkelä et al. 1993; Sharma 2001). 
Knee osteoarthritis is a very rare disease in young individuals (under 40), but it affects 
20-40% of people aged 75 years or more. The prevalence increases with age more in 
women than in men. In Finland the age-adjusted prevalence of clinically diagnosed knee 
osteoarthritis has been estimated to be 8.0% in women and 6.1% in men with the 
corresponding values for clinically diagnosed hip osteoarthritis being 4.6% in women and 
5.7% in men. The prevalence of knee osteoarthritis has declined remarkably among 
women in Finland during the last 20 years (Arokoski et al. 2007; Heliövaara et al. 1993; 
Heliövaara 1996; Riihimäki et al. 2002). 
In general, however, osteoarthritis is a growing health problem due to the aging of the 
population in the western world (Altman 2010). In 1995, it was estimated that 40 million 
inhabitants in the USA (15% of the population) suffered some form of osteoarthritis, and 
by the year 2020 this number is predicted to reach about 60 million (18.2% of the 
population) (Lawrence et al. 1998; Elders 2000).  
Articular cartilage, a highly specialized connective tissue, forms a thin layer over the 
articulating joint surfaces of bones. Articular cartilage consists of chondrocytes, occupying 
1-10% of the total cartilage volume, water, and the cartilage solid matrix produced by the 
chondrocytes (Buckwalter & Hunziker 1999a; Thonar et al. 1999). The solid matrix itself 
consists of collagen and other proteins, proteoglycans and glycoproteins (Buckwalter & 
Hunziker 1999a; Thonar et al. 1999). Proteoglycans bind water and thus account for the 
elasticity and resilience of the cartilage while the collagens create the network that 
confines the proteoglycan-molecules and chondrocytes and accounts for the tensile 
stiffness of the cartilage (Buckwalter & Hunziker 1999a; Thonar et al. 1999). There are no 
blood or lymphatic vessels or nerves in the articular cartilage and its capacity for self-
repair after structural damages is poor (Buckwalter & Hunziker 1999a; Buckwalter & 
Hunziker 1999b; Messner 1999). 
2 
 
Osteoarthritis is commonly divided into idiopathic (primary) and secondary 
osteoarthritis with distinct causes (Flores & Hochberg 1998; Scott et al. 1999; Hochberg 
2001; Sharma 2001). None the less, the disease itself progresses similarly irrespective of the 
cause and with time this leads to the destruction of the articular cartilage of the 
diarthrodial joint (Flores & Hochberg 1998; Hochberg 2001). Aging, joint loading, articular 
cartilage injuries, obesity, and genetic factors are known to affect the development of 
osteoarthritis (Felson 1998; Hochberg 2001; Sharma 2001). There can be genetic factors 
involved in the disease, e.g., defects of the collagen molecule structure or of other 
components of the articular cartilage matrix. 
Osteoarthritis is a progressive disease. Prevention has been said to be the best treatment 
(Scott et al. 1999). As previously mentioned, the major risk factors of osteoarthritis include 
overweight, occupational joint loading, and joint injuries. Maintaining a body mass index 
at less than 25 kg/m2 from the early adulthood onwards has been claimed to be able to 
decrease the incidence of osteoarthritis by 27-53%. Decreasing the amount of heavy joint 
loading in occupational activities would decrease the incidence of osteoarthritis by 15-30%. 
Furthermore, a reduction in the number of joint traumas would decrease the incidence of 
osteoarthritis by 14-25% (Felson 1998; Hochberg 2001). 
The quantitative ultrastructural analysis of the collagen network of the normal and 
osteoarthritic articular cartilage has been proved to be a challenging task. One goal of this 
thesis was to develop and validate a stereological electron microscopic analysis method 
for use in the examination of the articular cartilage collagen network. The basic concept 
was to develop a sensitive, minimally biased, and robust technique to reveal minor 
changes in the collagen network ultrastructure before macroscopic osteoarthritic changes 
are evident. In this study, the indirect, zonal estimation of the collagen volume and surface 
densities using collagen length density and average collagen fibril diameter, or the 
average of the second powers of the diameters, offered, in principle, a minimally biased 
and a sensitive method for the ultrastructural analysis of the collagen network. The 
technique was used to analyse the hyaline cartilage collagen phenotypes of different mice 
lines harboring gene mutations affecting the synthesis or processing of the collagen 
molecules. In addition, the technique was used to characterize the collagen network of the 
repair tissue in porcine articular cartilage after autologous chondrocyte transplantation 























2 Review of the literature 
2.1 STRUCTURE OF ARTICULAR CARTILAGE 
Articular cartilage forms the smooth and thin surfaces over the articulating bone ends of 
joints, functioning mainly to diminish friction and to protect the bone ends from impacts 
and shearing forces during movements (Buckwalter & Hunziker 1999a). The articular 
cartilage thickness in the joints of large mammals can be as much as several millimeters 
thick whereas in the joints of small rodents it can be as thin as a mere tens of micrometers 
(Benjamin 1999; Buckwalter & Hunziker 1999a). Articular cartilage is avascular and lacks 
both lymphatic vessels and nerve endings. Only one cell type is present, surrounded by an 
abundant and complex extracellular matrix. 
Chondrocytes occupy 1-10% of the total volume of articular cartilage. The cell density 
not only varies within different species and joints, but also within different zones of the 
cartilage matrix (Buckwalter & Hunziker 1999b; Sandell & Hering 2001; Hunziker et al. 
2002). Chondrocytes are the cells responsible for the production and maintenance of the 
cartilage matrix. The cells are situated individually in the lacunae such that there are no 
direct cell-to-cell contacts. Chondrocytes mainly rely on diffusion of nutrients and 
metabolites from (and towards) the synovial fluid and these, as well as regulators of 
cellular function, such as cytokines and growth factors, can be stored in the matrix 
(Buckwalter & Hunziker 1999a; Loeser 2002). Immature cartilage has a high cell density, 
but as cartilage matures, the cell density declines (Hunziker et al. 2002). Chondrocytes 
synthesize the macromolecules of the matrix, and they are attached to and communicate 
with the matrix through surface receptors (Buckwalter & Hunziker 1999a; Loeser 2002; 
Sandell & Hering 2001). The matrix also transmits mechanical forces to the chondrocytes. 
Joint movements and loading are essential for the chondrocytes to allow them to maintain 
the normal synthetic activity (Buckwalter & Hunziker 1999a). 
It seems that in order to ensure its mechanical performance, articular cartilage needs to 
be avascular which is possible because the chondrocytes can synthesize and release 
specific angiogenesis inhibitors (Haywood & Walsh 2001). In the mature cartilage, the 
nutrients diffuse into the tissue from the synovial fluid. However, in the immature, 
developing joints the blood circulation of the subchondral bone is also a source of 
nutrients (Haywood & Walsh 2001; Sandell & Hering 2001). With time, after the 
calcification of the lowest part of articular cartilage, i.e. the calcified zone of cartilage, this 
source is exhausted (Haywood & Walsh 2001; Sandell & Hering 2001). 
Water is the main constituent of articular cartilage, representing 60 to 80% of the net 
weight of cartilage (Sandell & Hering 2001b; Hunziker et al. 2002). Different types of 
collagen account for approximately 60% of the dry weight of articular cartilage, 
proteoglycans make up 25 to 35%, and other non-collagenous proteins or glycoproteins for 
the remaining 15 to 20%. Proteoglycans have the ability to bind water within the 
extracellular matrix (Eyre 2002; Sandell & Hering 2001; Hunziker et al. 2002). It has been 
proposed that the water in the extracellular matrix, in addition to being bound by 
proteoglycans, also surrounds and residues within the individual type II collagen fibrils 
(Maroudas & Bannon 1981; Maroudas & Urban 1980). 
Predominantly all type II collagen, and to some extent also collagen types IX and XI, 





provides the tensile stiffness and forms the skeleton of articular cartilage (Buckwalter & 
Hunziker 1999a; Sandell & Hering 2001). Together with proteoglycans and water, the 
collagen fibrils are the principal elements of the articular cartilage matrix (Buckwalter & 
Hunziker 1999a; Eikenberry & Bruckner 1999).  
 
Figure 1. Schematic presentation of the microscopic structure of articular cartilage showing the 
zones of uncalcified cartilage and calcified cartilage above the subchondral bone. I, superficial 
zone; II, transitional zone; III, deep zone; IV, calcified zone; SB, subchondral bone. 
 
A pericellular matrix surrounds the chondrocytes and is void of thick collagen fibrils 
(Buckwalter & Hunziker 1999a; Eikenberry & Bruckner 1999). The territorial matrix fills 
the space outside the pericellular matrix. One of the compounds present in is the non-
fibrillar type IV collagen (Buckwalter & Hunziker 1999a). In the territorial matrix, an 
envelope is formed around the chondrocyte lacunae by approximately 5-20 nm-thick 
collagen fibrils. Around the interterritorial matrix, located farthest away from the lacunae, 
collagen fibrils grow thicker. The thickness of the individual fibrils can vary from 5 to 200 
nm (Meachim & Stockwell 1979; Buckwalter & Hunziker 1999a; Eikenberry & Bruckner 
1999). In the calcified cartilage near the subchondral bone, type X collagen can be found in 
the vicinity of the chondrocytes. This collagen type is believed to play a role in the 
calcification of the cartilage. 
Articular cartilage is organized in layers and a total of four distinct zones can be 
distinguished from the surface to the subchondral bone (Buckwalter & Hunziker 1999a; 
Sandell & Hering 2001; Hunziker et al. 2002) (Fig. 1). The superficial or tangential zone (10-
20% of cartilage thickness) contains collagen fibrils arranged mostly in parallel with the 
surface and it is distinguished by the presence of flattened and elongated chondrocytes 
(Buckwalter & Hunziker 1999a; Sandell & Hering 2001). The superficial zone is considered 





Sandell & Hering 2001). In the middle or transitional zone (20-40% of cartilage thickness), 
the collagen fibrils bend towards the deep cartilage, taking a more or less oblique and 
crossing course. In general, the chondrocytes in this zone are spheroidal in shape 
(Buckwalter & Hunziker 1999a; Hunziker et al. 2002). In the deep or radial zone (40-70% of 
cartilage thickness), the proteoglycan concentration increases. The collagen fibrils are 
organized more vertically, enabling the attachment of cartilage to the subchondral bone 
through the calcified cartilage. The chondrocytes are rounded and are arranged in vertical 
columns (Buckwalter & Hunziker 1999a; Hunziker et al. 2002). Underneath the deep zone 
is a very thin line called the tidemark that separates the uncalcified deep zone from the 
fourth zone, i.e. the calcified cartilage (Buckwalter & Hunziker 1999a; Hunziker et al. 
2002). The calcified cartilage represents a transitional zone between the two 
biomechanically different tissues, cartilage and bone. Under the calcified cartilage one 
finds the subchondral bone covered by a dense bone plate called the subchondral bone 
plate, which supports the cartilage (Hunziker et al. 2002). Already in the 1920’s, 
Benninghoff (1922; 1925) proposed that the strength of the articular cartilage would be 
based on the collagen fibrils that anchor the cartilage tissue to the subchondral bone 
(Benninghoff 1922; Benninghoff 1925; Eikenberry & Bruckner 1999) (Fig. 1). 
Articular cartilage contains three different types of proteoglycans. Aggrecan, or the 
large aggregating proteoglycan, makes up as much as 90% of the total amount of the 
proteoglycan mass. The large non-aggregating proteoglycans represent less than 10% and 
the rest (up to 3%) consists of molecules associated with collagen or leucine-rich small 
proteoglycans (Buckwalter & Hunziker 1999a; Heinegård et al. 1998; Sandell & Hering 
2001). The aggrecan molecule consists of a core protein and glycosaminoglycan side 
chains, mainly chondroitin and keratan sulphates (Fig. 2). The N-terminal domains of 
these proteoglycans become attached to a hyaluronan molecule with the attachment of 
proteoglycans to hyaluronan being stabilized by link proteins (Buckwalter & Hunziker 
1999a; Sandell & Hering 2001). A single hyaluronan molecule can bind hundreds of 
aggrecan molecules to form a large proteoglycan aggregate with a molecular weight as 
high as hundreds of millions Daltons (Buckwalter & Hunziker 1999a; Sandell & Hering 
2001). These large aggregates anchor the proteoglycans within the matrix (Buckwalter & 
Hunziker 1999a) (Fig. 2). Glycosaminoglycans, being negatively charged ions, can bind 
positively charged ions, e.g., Na+ ions and subsequently osmotic forces will draw water 
into the extracellular matrix causing swelling of the cartilage (Heinegård et al. 1998; 
Buckwalter & Hunziker 1999a; Sandell & Hering 2001). The collagen framework is 
responsible for creating the tensile properties of cartilage while opposing the osmotic 
pressure. In this way equilibrium is created. When the cartilage is compressed, water 
flows out of the cartilage. The water flow is opposed by the glycosaminoglycans and their 
negative charges (Buckwalter & Hunziker 1999a; Sandell & Hering 2001). 
The synovial fluid in the joint space is a diffusion product from the vascular network of 
the synovial membrane surrounding the joint space. The fluid contains also urea, glucose, 
and plasma proteins, but not fibrinogen (Sandell & Hering 2001). In osteoarthritis, the 
degraded cartilage can become penetrated by blood vessels from the subchondral bone. 
The angiogenesis is possibly enabled by an altered function of chondrocytes. This 
angiogenesis may have a role in formation of new bone, i.e. in the appearance of 
osteophytes often seen in an X-ray of a diseased joint (Haywood & Walsh 2001). The 
articular cartilage matrix lacks nerves, but the other joint structures, i.e. the synovium, 
articular discs, ligaments, menisci, and subchondral bone are innervated by nerve endings. 






Under normal conditions, the tissue remodeling of the cartilage is controlled by the 
synthesis of macromolecules and proteases, even though the stability of certain 
components, e.g., of collagen network, is high in mature cartilage (Sandell & Hering 2001; 




Figure 2. Schematic presentation of the main components of cartilage matrix: type II collagen 
molecules and large proteoglycan aggregates and its subcomponents, namely aggrecans with 
glycosaminoglycan side chains, hyaluronan, and link proteins. 
 
(i) the regulation of the proteinase synthesis, (ii) the regulation of proteinase activation, 
and (iii) the regulation of proteinase inactivation by their inhibitors (Sandell & Hering 
2001; Hedbom & Häuselmann 2002). The balance is disturbed in osteoarthritis. In 
osteoarthritis, there is increased proteinase activity (Hedbom & Häuselmann 2002). Matrix 
metalloproteinases are a group of proteinases which have specific target molecules: 
collagenases affect the collagens; gelatinases target against collagens and aggrecan; 
stromelysins against collagens and aggrecan. Other specific proteinases include 
aggrecanase against aggrecan, elastase, and cathepsins which break down aggrecan, 
elastin, collagens, and collagen telopeptides (Clark & Murphy 1999; Martel-Pelletier et al. 
1999; Hedbom & Häuselmann 2002). At present at least four tissue inhibitors of 
metalloproteinases have been identified. The inhibitors are synthesized by the 
chondrocytes and by the synovial cells (Clark & Murphy 1999; Martel-Pelletier et al. 1999; 
Hedbom & Häuselmann 2002). It has been proposed that in osteoarthritis there is an 
imbalance between the amounts of matrix metalloproteinases and tissue inhibitors of 
metalloproteinases, and this leads to a relative deficit in the levels of the inhibitors (Clark 






2.2 COLLAGEN FIBRILS IN ARTICULAR CARTILAGE 
Approximately sixty per cent of the dry weight of mature articular cartilage is collagen 
(Eyre 2002; Sandell & Hering 2001; Hunziker et al. 2002). The collagen network provides a 
supportive framework that resists shearing forces, pressure, torsion, and tension 
(Hunziker et al. 2002; von der Mark 1999) (Fig. 2). 
The collagen network of the extracellular matrix of articular cartilage consists of fibrils 
of type II, IX, and XI collagens (Sandell et al. 1999; von der Mark 1999; Eyre 2002; Sandell 
& Hering 2001). The collagen fibrils are thinner in the territorial compartment than in the 
interterritorial matrix and tend to become thicker towards the deeper parts of cartilage 
(Sandell et al. 1999; Sandell & Hering 2001; Hunziker et al. 2002). The collagen fibril 
thickness has been observed to vary between 5 and 200 nm (Meachim & Stockwell 1979; 
Buckwalter & Hunziker 1999a; Eikenberry & Bruckner 1999). In addition, the proportions 
of different collagen types in the fibrils tend to vary with age. For example, type IX and XI 
collagens can account for up to 20% of the total collagens in the developing cartilage, 
while in mature cartilage they make up little more than 10% (Eyre 2002). 
Human type II procollagen is a triple helical homotrimer molecule composed of three 
identical alpha-chains synthesized from the COL2A1-gene (von der Mark 1999; Sandell & 
Hering 2001). Alpha-chains wind about each other and, after removal of the non-helical 
parts in the extracellular matrix, the type II collagen molecules associate in an array to 
form collagen fibrils in association with collagens IX and XI (Eyre 2002; Sandell & Hering 
2001) (Fig. 2). There is an active rate of synthesis of type II procollagen during growth but 
the synthesis rate becomes strongly reduced in adult articular cartilage. However, after a 
joint injury, the synthesis rate can accelerate again (Eyre 2002). 
Type IX collagen is classified as fibril-associated heterotrimer, composed of three 
distinct chains that are products of three different genes. In addition, it has a chondroitin 
sulphate side chain (von der Mark 1999; Sandell & Hering 2001). Collagen IX molecules 
form covalent cross-links with type II collagen molecules and they cover the surface of 
type II collagen fibrils (Eyre 2002). It has been postulated that type IX collagen has several 
functions (i) limiting the diameter of collagen fibrils during development, (ii) interacting 
with other matrix molecules through its highly cationic N-terminal domain and the 
chondroitin sulphate side chain, and (iii) creating bridges between adjacent collagen fibrils 
(Eyre 2002). 
Human type XI collagen, being also a heterotrimer, is composed of two different alpha-
chains synthesized from COL11A1 and COL11A2 genes and one alpha-chain produced by 
COL2A1 gene. The type XI collagen is also a fibril-forming collagen. The type XI collagen 
molecules are believed to reside within the collagen type II fibrils and the N-terminal 
domain protrudes above the surface of the fibril (von der Mark 1999; Eyre 2002). It seems 
likely that the function of type XI collagen molecule is to form a collagen fibril together 
with type II and IX collagens and to interact with the other molecules of the matrix and the 
chondrocytes (Sandell & Hering 2001). The protruding N-terminal domain has been 
postulated to restrict the lateral growth of the forming fibrils (Eyre 2002). 
2.3 OSTEOARTHRITIS 
Osteoarthritis (also called osteoarthrosis in continental Europe) is a group of diseases with 
different etiologies but similar outcomes. The disease processes impact on the entire joint, 
e.g., articular cartilage, synovial membrane, subchondral bone, ligaments, joint capsule, 





deterioration of articular cartilage with surface fibrillation, fissures, ulceration, and full 
thickness loss of the articular cartilage (Bertrand et al. 2010). Traditionally, osteoarthritis 
has been classified into two classes, an idiopathic, i.e. primary, form with an unknown 
etiology and a secondary form with for which there are distinct causes. 
Usually the diagnosis of osteoarthritis has been based on the medical history, clinical 
examination, and X-ray observations displaying narrowing of the loaded joint space, 
formation of osteophytes, periarticular ossicles, cystic and sclerotic changes in the 
subchondral bone, and bone end deformation (Flores & Hochberg 1998). Nowadays, 
magnetic resonance imaging (MRI) is used for detecting the early signs of cartilage 
degradation (Gold et al. 2003; Roemer et al. 2011). In addition, new advances in the field of 
MRI, e.g., T2-mapping, sodium MRI, and delayed gadolinium-enhanced MRI of cartilage 
(dGEMRIC) are emerging into clinical use (Jazrawi et al. 2011). The clinical criteria for 
osteoarthritis are pain, limited joint motion, palpable deformities, crepitus on joint motion, 
and morning stiffness of the joint (Flores & Hochberg 1998). 
During the first bouts of osteoarthritis, which can appear after a mechanical insult, there 
is inflammation as well as metabolic changes in the cartilage matrix, increased hydration 
of the cartilage, and elevated synthesis of degradative enzymes (Pritzker 1998). Initially, 
while the amount of articular cartilage collagen remains constant, the concentration and 
aggregation of proteoglycans decrease and there is also a reduction in the size of the 
glycosaminoglycan side chains and increase in the water content (Pritzker 1998; Poole & 
Howell 2001; Bertrand et al. 2010). However, there is evidence that in primary guinea pig 
knee osteoarthritis early disruption of the type II collagen network occurs before there is 
any histological evidence of proteoglycan loss (Huebner et al. 2010). The initial changes 
appear predominantly in the superficial zone of articular cartilage. As the matrix 
permeability increases and the compressive and tensile stiffness become reduced, the 
vulnerability of articular cartilage increases. Chondrocytes react to the damage with 
chondrocyte cloning, hyperplasia, and hypertrophy. Both anabolic and catabolic responses 
take place in the tissue, resulting in increased matrix turnover (Prizker 1998; Poole & 
Howell 2001). If the attempt to stabilize or restore the properties of articular cartilage fails, 
there can be a decrease in the anabolic response of the chondrocytes accompanied by a loss 
of articular cartilage (Pritzker 1998; Poole & Howell 2001). The expression of the matrix 
components, e.g., aggrecan, becomes downregulated first in the upper parts of the 
articular cartilage, while the synthesis still continues in the deeper parts of the tissue 
(Sandell & Aigner 2001). There is an association between the degenerative changes 
encountered in osteoarthritis and apoptosis of chondrocytes, but it remains unclear 
whether the apoptosis is the cause or the result of cartilage degeneration (Zamli & Sharif 
2011). 
The visible signs of osteoarthritis include fibrillation of the surface of the articular 
cartilage (Pritzker 1998). The fibrillation gradually forms clefts that extend down to the 
subchondral bone. Fragments of cartilage are found in the joint space and the thickness of 
the articular cartilage decreases. One can observe reparative attempts with chondrocyte 
cloning and the formation of fibrocartilage in the clefts, but gradually the progressive loss 
of hyaline cartilage leads to eburnated bone endings that rub against each other (Pritzker 
1998; Hough 2001). 
Osteoarthritis also causes bone changes, i.e. increased subchondral bone sclerosis, 
development of osteophytes at the margins of the joints, subchondral pseudocysts in the 
subchondral bone, which tend to disappear as the osteoarthritis progresses to its terminal 
stage. An increase of bone density or sclerosis leads to increased mechanical strain onto 





invasion of the calcified cartilage and calcium deposits can also be seen (Hough 2001; 
Pritzker 1998; Poole & Howell 2001; Bertrand et al. 2010). 
Swelling of the synovium takes place in the early osteoarthritis, accompanied by 
vascular congestion. However, the inflammation is not as severe as in rheumatoid arthritis 
and does not progress to erosion of the articular cartilage by synovium cells (Pritzker 1998; 
Poole & Howell 2001). The reduced habitual use of joints on account of pain leads to 
muscle atrophy and contraction of the adjacent ligaments and capsule structures. These 
changes increase joint stiffness and decrease the muscle strength which are factors 
associated with osteoarthritis (Pritzker 1998). 
 
2.4 HEREDITARY FACTORS AND ANIMAL MODELS OF 
OSTEOARTHRITIS 
Different gene mutations are known to affect the development of joints, articular cartilage, 
and cartilage collagens (Bateman 2001; Roughley 2001). Mutations of genes affecting the 
phenotype of type II collagen can evoke a variety of clinical disorders ranging in severity 
from lethality to milder syndromes such as Stickler syndrome or early onset osteoarthritis 
(Bateman 2001). Type II collagen plays a crucial role in forming a functional cartilage 
matrix for endochondral ossification and for the development of a normal, durable 
articular cartilage (Bateman 2001). The complete absence of type II collagen due to genetic 
mutations is perinatally lethal, but there are less severe conditions, e.g., in Stickler 
syndrome type I where a premature COL2A1-gene termination of one allele, leads to 
haploinsufficiency of normal type II collagen (Bateman 2001). Other non-lethal syndromes 
of the COL2A1-gene mutations include Kniest syndrome, Strudwick type 
spondyloepimetaphyseal dysplasia, congenital spondyloepiphyseal dysplasia, and 
achondrogenesis II (Bateman 2001). COL11A2-gene mutations have been described to 
cause Marshall syndrome, and non-ocular Stickler (OSMED) syndrome (Bateman 2001). 
An animal model of a syndrome or disease has been defined as ‘a homogeneous set of 
animals which have an inherited, naturally acquired, or experimentally induced biological 
process, amenable to scientific investigation, that in one or more respects resembles the 
disease in humans’ (Pritzker 1994). Spontaneous osteoarthritis develops in rats (CDBR 
Sprague Dawley), mice (e.g., C57Black, STR/1N, STR/ort, DBA/1, dwarf, NZY/B1, and 
ICR), guinea pigs (Hartley, Dunkin-Hartley), dogs (with congenital hip dysplasia such as 
Labradors, German shepherds, or beagles), and primates (rhesus macaques and 
cynomolgus macaques) (Brandt 1999; Lozada & Altman 1999; Smith & Ghosh 2001; Brandt 
2002). 
The effects of immobilization alone or with a subsequent remobilization or surgical 
procedures (tibial osteotomy, paw amputation) have been investigated in beagles 
(Palmoski & Brandt 1981; Arokoski et al. 1993; Arokoski et al. 1996; Arokoski et al. 2000; 
Smith & Ghosh 2001), rabbits, mongrel dogs, and greyhounds (Smith & Ghosh 2001). 
Palmoski and Brandt (1981) described a decreased articular cartilage thickness, reduced 
Safranin-O staining, reduced net synthesis of proteoglycans and increased water content 
after immobilization of the knee joints. These atrophic changes could be reversed after ad 
libitum ambulation but not after vigorous running exercise, except for the net 
proteoglycan synthesis that displayed an increase. Arokoski et al. (1993) observed that 
long-distance running of beagles caused decrease in the glycosaminoglycan content of the 
weight-bearing areas of the femoral uncalcified articular cartilage, with the reduction 





network also decreased in the superficial zone of articular cartilage after long-distance 
running, reflecting either disorganization or reorientation of the collagen network 
(Arokoski et al. 1996). The effects of increased physical loading on the development of 
articular cartilage properties and osteoarthritis have been investigated in mice, rats, 
rabbits, hamsters, guinea pigs, gerbils, dogs, sheep, and horses (Arokoski et al. 2000; Smith 
& Ghosh 2001; Brama et al. 2009; Hyttinen et al. 2009). The results of these studies have 
been variable i.e. they have been affected by the quality of exercise, its intensity and 
duration, but also by species and the age of the animals (Arokoski et al. 2000). Brama et al. 
(2009) and Hyttinen et al. (2009) observed that an intermittent peak loading of equine 
articular cartilage with shear induced higher collagen parallelism and also lower 
proteoglycan density than a more constant weightbearing. It was also noted that during 
maturation of articular cartilage intermittent peak loading with shear was needed to 
change the architecture of collagen network and proteoglycan content to allow it to better 
withstand the intermittent stress and shear (Hyttinen et al. 2009). 
Surgical transectioning of the anterior cruciate ligament (ACL) to introduce laxity of the 
stifle (knee) joint, has been performed in mongrel dogs, beagles, fox hounds, greyhounds, 
rats, guinea pigs, and rabbits (Smith & Ghosh 2001). Meniscectomy has been performed on 
rabbits, guinea pigs, mongrel dogs, beagles, greyhounds, and sheep (Smith & Ghosh 2001). 
These surgical operations have evoked changes in the joint loading and led to premature 
cartilage degeneration and osteoarthritis (Panula et al. 1997; Smith & Ghosh 2001). In 
addition, direct cartilage defects have been surgically produced in rabbits, dogs, sheep, 
and horses to examine the role of cartilage injuries in the development of osteoarthritis 
(Smith & Ghosh 2001). Surgical denervation of the afferent nerve fibres from the limb has 
been performed together with transection of the ACL. This results in the induction of 
symptoms resembling those of Charcot’s arthropathy. The cartilage breaks down within 3 
weeks instead of the 3 years commonly seen in plain ACL transection experiments 
(Lozada & Altman 1999; Brandt 2002). 
Intra-articular injections of corticosteroids, collagenase, trypsin, iodoacetate, papain, 
chymopapain, hyaluronidase, IL-1, TGF-β, or hypertonic saline have been concucted in 
mice, rats, guinea pigs, rabbits, chicken, and horses to chemically induce osteoarthritis 
(Brandt 1999; Lozada & Altman 1999; Brandt 2002). Orally delivered fluoroquinolone 
antibiotics have also induced cartilage lesions resembling osteoarthritis, when the drugs 
were administered to growing young rats, guinea pigs, rabbits, or dogs (Smith & Ghosh 
2001). 
Twin studies and the familial aggregation of the disease support the evidence that 
primary osteoarthritis has a substantial hereditary component that is likely to be polygenic 
in nature (Valdes & Spector 2009). Many investigations into murine osteoarthritis have 
been performed in transgenic mouse strains where either type II procollagen formation is 
disturbed or, alternatively, there has been a targeted inactivation of type II, type IX, or 
type XI collagen genes. Several transgenes have been utilized, e.g., harboring or inducing a 
deletion in the Col11a1 (Cho/+) or Col2a1-gene (Dmm/+), human COL2A1-gene with a large 
deletion of the triple helical region, overexpression of Col2a1-gene, homozygous 
expression of truncated α1 (XI) chain, heterozygous knockout of Col2a1-gene, and 
homozygous knockout of Col9a1-gene (Helminen et al. 2002). 
In these animals, the phenotype changes are visible in the growth patterns of the body, 
bones, the structure of articular cartilage and collagen fibrils (Helminen et al. 2002). The 
embryos of transgenic mice produced by random insertion techniques of two alleles of the 
mutated human COL2A1-gene with active normal murine Col2a1-genes had a small body 
size, disorganized growth plate, and cleft palate (Arita et al. 2002). In another mouse line, 





Col2a1-genes, produced animals that exhibited osteoarthritic changes in their joints and 
dysplastic long bones (Sahlman et al. 2004). A mouse line with inactive alleles for the 
procollagen N-proteinase (ADAMTS-2), which cleaves off the N-propeptides from both 
type I and II procollagens, gave rise to animals with a fragile skin and male sterility but no 
qualitative changes in the articular cartilage (Li et al. 2001). Partially deleted gene (deletion 
of exons 16-27) of human type II procollagen (COL2A1) caused chondrodysplasia and the 
mice demonstrated dwarfism, cleft palate, and delayed mineralization of bone 
(Vandenberg et al. 1991; Helminen et al. 1993). In these mice, quantitative polarized light 
microscopy detected decreased birefringence of the collagen fibril network in cartilage. 
The mice had more severe osteoarthritis in knee joints compared to their wild-type 
littermates (Helminen et al. 1993). Only one active allele of the normal murine Col2a1-gene 
caused decreased birefringence of the cartilage collagen and more knee joint osteoarthritis 
as compared to normal control mice (Li et al. 1995; Hyttinen et al. 2001; Sahlman et al. 
2001; Lapveteläinen et al. 2001). 
2.5 CARTILAGE REPAIR TECHNIQUES 
As the awareness of the connection between joint trauma and osteoarthritis has increased, 
cartilage repair research has attracted more interest (Hunziker 2002). At present, the most 
common and most extensively used technique for treating osteoarthritis has been the 
endoprosthetic surgery in end-stage osteoarthritis. Endoprosthetic surgery achieves a 
good functional result in the case of extensive osteoarthritis but has no role in efforts to 
repair local cartilage defects. During the last few decades, several techniques have been 
developed to repair an early damage of articular cartilage. 
One of the first attempts was based on stimulation of the repair process by allowing the 
stem cells from the bone marrow to migrate to the cartilage defect area after mechanical 
abrasion (Pridie 1959), drilling (Dzioba 1988), or microfracturing of the subchondral bone 
(Steadman et al. 1997). However, the repair tissue has been mainly fibrocartilage in nature 
and non-optimal in durability. Nonetheless, these measures were able to delay the need 
for further surgical interventions (Johnson 2001). 
Articular cartilage damage has also been treated with osteochondral allografts 
providing both bone and cartilage for large tissue defects (Gross 1997). For smaller defects, 
the method using osteochondral autografts was originally called the mosaicplasty 
(Hangody et al. 1998). This technique uses osteochondral plugs collected from the less-
weight bearing areas of a joint. The plugs are then implanted at the site of the cartilage 
lesion in the same joint. The technique provides hyaline cartilage plugs to the cartilage 
defect area while the spaces between the plugs fill with fibrous cartilage. This technique is 
only recommended for lesions with an area of 1 to 4 cm2 of size (Hangody et al. 2004). 
Different repair experiments using soft tissue grafting have been used to restore 
cartilage defect over the years, including the use of autologous periosteum flaps with or 
without concomitant subchondral bone drilling (Ritsilä & Alhopuro 1975; O´Driscoll et al. 
1986; Hoikka et al. 1990). However, the methods have not gained any universal acceptance 
in clinical use, mainly since they only seem to achieve short-term results and due to 
calcification of the graft over the years (Homminga et al. 1990). The concept of delivering 
chondrocytes into the defect area is based on the fact that the chondrocytes are needed to 
produce hyaline cartilage-like repair tissue and that the cells are not able to find their way 
into the defect by themselves. Unfortunately, the use of homologous chondrocytes only 
produced mostly fibrous repair tissue (Chesterman & Smith 1968). Since allogenic 





focus in cartilage repair was shifted towards the use of autologous chondrocytes. 
Subsequently it was shown that cultured autologous chondrocytes could remain viable 
and this improved the quality of cartilage repair tissue (Brittberg et al. 1996). 
Autologous chondrocyte transplantation (ACT) requires two separate operations which 
take place at an interval of about two weeks. The first operation is needed to harvest the 
cells and then a fortnight during which the chondrocytes are cultured. During the second 
operation the chondrocytes are implanted beneath the periosteum. Animal experiments 
have shown that also bone marrow derived mesenchymal stem cells (MSC’s), as having a 
chondrogenic potential, can be used to repair the osteochondral defects in rabbits 
(Wakitani et al. 1994) and goats (Burtnariu-Ephrat et al. 1996). The use of MSCs makes the 
first operation unnecessary. However, at present the lesions treated in animal experiments 
have been mostly osteochondral, i.e. the injured areas have encroached also upon the 
subchondral bone and they were not limited to the articular cartilage. 
The periosteum can have a positive effect on cartilage healing by producing agents that 
promote cell growth (Brittberg 1999), but the periosteum can also affect negatively on the 
healing process since this seems to be responsible for the graft hypertrophy encountered in 
about 13-25% of the patients after ACT (Henderson et al. 2004). The use of porcine-derived 
collagen I/III membrane, instead of periosteum, has yielded repair tissue with similar 
quantities to that of periosteum (Russlies et al. 2005; Bartlett et al. 2005). In addition, a 
hyaluronic acid based scaffold has been used with ACT. The results have been similar to 
those obtained with the periosteum but with a lower rate of complications (Marcacci et al. 
2005; Nehrer et al. 2006). Today the most widely used and commercial carrier system for 
ACT cells, the matrix-induced autologous chondrocyte implantation procedure (MACI®) 
has proven its worth as a promising method for the repair of full-thickness defects 
(Brittberg 2010). In this technique, the absorbable type I/III collagen membrane acts as a 
carrier for cells, making it possible to use arthroscopic techniques instead of open surgery 
(Brittberg 2010). 
Experiments using ACT to repair chondral lesions in dogs revealed enhanced healing at 
3 months, but not at 1.5 and 6 months (Breinan et al. 1998; Breinan et al. 2001). In the long-
term follow-up, there was no difference between the treatment and the control groups at 
12 and 18 months after the operation (Breinan et al. 1997). Osteochondral lesions with 
damaged subchondral bone have been operated on with ACT, but the repair tissue has 
been more or less fibrous in nature, probably due to the presence of mesenchymal cells 
from the bone marrow (Shortkoff et al. 1996). Instead, experiments using the rabbit as the 
animal model for osteochondral lesions have found that the mesenchymal cells obtained 
from the bone marrow have good capabilities to induce repair (Shapiro et al. 1993). 
The first clinical experiments using ACT achieved good results (Brittberg et al. 1994; 
Peterson et al. 2000; Peterson et al. 2002; Peterson et al. 2003). The results assessed after a 
minimum of 2-years post-operative follow-up demonstrated a good to excellent subjective 
improvement in 60% to 91% of the patients (Peterson et al. 2000; Peterson et al. 2002; 
Micheli et al. 2001; Bentley et al. 2003; Peterson et al. 2003; Peterson et al. 2010). Studies 
conducted on young athletes suffering from a local chondral injury exhibited good to 
excellent clinical results after ACT in 72% to 96% of the patients (Mithöfer et al. 2005a; 
Mithöfer et al. 2005b). Histological analyses have revealed that the transferred 
chondrocytes were viable in the repair tissue and the cells produced type II collagen 
(Dell’Accio et al. 2003; Gigante et al. 2001; Roberts et al. 2001; Briggs et al. 2003). There are 
only a few prospective randomized studies that have compared ACT and other techniques 
in terms of their ability to repair a cartilage defect (Gudas et al. 2005; Bentley et al. 2003; 
Bartlett et al. 2005; Knutsen et al. 2004; Dozin et al. 2005; Horas et al. 2003). Nevertheless, it 





procedures and more good quality randomized controlled studies with long-term 
functional outcomes are needed (Ruano-Ravina & Jato Diaz 2006; Brittberg 2010; Vasiliadis 
& Wasiak 2010). 
2.6 STEREOLOGY OF ARTICULAR CARTILAGE COLLAGEN 
In addition to qualitatively exploring the tissue characteristics, it is possible to quantify the 
structures and changes in the tissue, e.g., by light or electron microscopy. The tissue 
sections used for microscopy are always more or less three-dimensional (3D) tissue blocks, 
unlike the images seen through a microscope, which are two-dimensional (2D) projections, 
or the summation of the tissue structures in the sections. The tissue sections also cut the 
structures, e.g., spherical or elliptical cells are seen as round or oval transections. 
Furthermore, tubules, depending on the section plane, can be viewed as round, oval, or 
linear structures. Planar structures are usually cut more or less perpendicularly and look 
like linear structures on 2D projections. When one appreciates these phenomena, it is 
understandably difficult to reliably estimate the parameters of the 3D structures simply by 
counting structures on 2D sections. For this purpose, stereology is a useful tool (Weibel 
1979). 
‘Prestereologic’ or morphometric methods have long been used in articular cartilage 
research at both the light and electron microscopic level. At the light microscopic level, 
these measurements have usually targeted the thickness of the cartilage, the diameter of 
the chondrocyte profiles, and the number of cell profiles in the field of view (Stockwell 
1971; Sood 1971; Vignon et al. 1974). At the ultrastructural level, different parameters have 
been measured, e.g., the areas of mitochondria and rough endoplasmic reticulum, the 
diameter of collagen fibrils, and the amount and diameter of proteoglycan granules have 
been estimated (Brighton et al. 1984; Poole et al. 1984; Paukkonen & Helminen 1987a; 
Paukkonen & Helminen 1987b). Both stereologic and morphometric methods have been 
used in clinical medicine (Collan et al. 1987). 
Stereology is a set of simple and efficient methods for making estimates of 3D 
microscopic structures. The method is specifically intended to provide reliable data from 
sections (Cruz-Orive & Weibel 1990; Gundersen et al. 1988b; Howard & Reed 2011; 
Mouton 2002; Mouton 2011). Stereology is based on the application of mathematical 
methods such as geometrical probability theory, integral geometry, and statistics (Weibel 
1979; Howard & Reed 2011). When requirements are fulfilled demonstrating the data to be 
statistically true, stereology can produce efficient and unbiased information. The concept 
of ‘unbiased data’ and ‘efficiency’ means ‘without systematic deviation from the true 
value’ and gives results ‘with a low variability after spending a moderate amount of time’ 
(Gundersen et al. 1988b). Precision but not the bias depends on sample size (Mayhew 
1991). 
The fundamental descriptor, and the main interest in stereology, has been density, 
which is defined as the quantity of number, volume, area, or length per unit volume 
(Weibel 1979). Hence, the most commonly used stereologic parameters are number, 
volume, surface, and length densities. Volume density is the volume of the structure of 
interest in a unit volume of the tissue, surface density is the surface area of the structure of 
interest in a unit volume of the tissue, and length density is the length of the structure of 
interest in a unit volume of the tissue. Traditionally these ratio estimators have been 
measured from tissue sections by using point (volume) or interception (surface) counting 





The Cavalieri principle, named after the Italian mathematician Cavalieri (1598-1647), is 
widely used as a universal solution for volume estimation from tissue sections (Gundersen 
et al. 1988b). Cavalieri showed that the volume of any object could be estimated from 
parallel sections of tissue by summing up the areas of all cross sections of the object and 
multiplying this figure by a known distance between the sections, t (Gundersen et al. 
1988b). As the area of profiles in a section (AA) can be unbiasedly estimated by a point 
counting method and as the point counting area estimate can then be related to unbiased 
volume density (VV) estimation of the structure, the estimate of the total volume of the 
structure is reliably achieved by point counting technique, if the sections are truly 2D, the 
area for each counting point in the point test system is known, the distance between the 
sections is known, and the position of the first section is random in the object (Gundersen 
et al. 1988b). In addition, the ratio estimator of the volume density (VV) alone is widely 
used in the estimation of a structure volume fraction of the total volume in the tissue, but 
care must be taken as density ratios generally do not allow one to draw conclusions about 
changes in the absolute amount of the structure under study (Gundersen et al. 1988b) (Fig. 
3). 
     
Figure 3. The unbiased counting frame (black square with extensions) for counting of the 
profile number per area, and point test system (point grid) for the volume density estimation 
(Gundersen 1977). In these schematic examples, the unbiased number of the profiles in the 
area frame is presented with a red colour (32 profiles/square area). The unbiased area density 
estimate of the profiles and, hence, also the volume density estimate of the structures is 





A reliable estimate of the surface density of the structure in the isotropic tissue can be 
achieved by counting the intersections between the structure profile boundaries on 2D 
sections and the line test system (Gundersen et al. 1988b). In the case of anisotropic tissue, 
the use of vertical sections and a test system based not on straight lines but cycloids, has 
been demonstrated to yield an unbiased estimate of the surface density as the cutting of 
the sections and the use of cycloid test system makes counting procedure isotropic, 
uniform, random (IUR), while preserving the track of the architecture of the anisotropic 
structure (Baddeley et al. 1986). 
Gundersen (1977) presented an unbiased counting frame to achieve an unbiased 
estimation of the number of structures of interest in a 2D tissue area. There was an 
improvement to the counting frame used earlier, i.e. this new frame counted, not only 
those profiles completely inside the frame, but also all profiles with anything inside the 
frame provided they did not in any way touch or intersect with the full drawn exclusion 
edges or their extensions (Gundersen 1977; Gundersen et al. 1988b) (Fig. 3). 
The use of unbiased counting frame together with a disector, either physical or optical, 
can be used to make an unbiased estimate of the number of isolated objects or particles 
with a uniform probability in 3D space, irrespective of their size and shape (Sterio 1984; 
Gundersen 1986; Gundersen et al. 1988a). 
The use of stereology in articular cartilage research has mainly focused on the 
chondrocyte number and volume estimations at the light microscopic level (Paukkonen et 
al. 1984; Paukkonen et al. 1985; Paukkonen et al. 1986; Cruz-Orive & Hunziker 1986; 
Hunziker 2007; Pastoureau et al. 2010). At the ultrastructural level, however, there are 
some studies which focus on the estimation of surface areas of rough endoplasmic 
reticulum (RER), volume densities of cisternae of RER (Paukkonen & Helminen 1987a), 
and proteoglycan granule numbers (Paukkonen & Helminen 1987b). There have been a 
few efforts to estimate collagen fibril volume and surface densities in the articular cartilage 
at the ultrastructural level (Arokoski et al. 1996; Panula et al. 1998; Hedlund et al. 1993; 
Arita et al. 2002; Nicolae et al. 2007). In these studies collagen volume density was 
estimated by a direct point counting method on the vertical sections. 
Modern techniques in stereology are based on assumption-free methods which can be 
used to estimate volumes, numbers, lengths, and surface areas of the structures. When 
these techniques are in use, there is no need to assume any structural shape or orientation 
or to produce any mathematical model for the geometry in order to produce unbiased and 
reliable data. The only critical issues are: (i) use of isotropic uniform random (IUR) 
sampling, (ii) use of unbiased counting frames and test systems, and (iii) use of true 2D 
tissue planes instead of projections of 3D tissue slices (Gundersen et al. 1988b). 
There are certain situations where it is not possible to apply an assumption-free 
technique when conducting a stereological estimation. In some cases, the need for a true 
2D plane is not met due to ‘thick’ sections in relation to the very small dimensions of the 
structures of interest. For example, this is the case when the intention is to estimate the 
volume of microvilli in the kidney tubules or the volume of the collagen network in 
articular cartilage. In such cases, the use of the model-based stereology with an 
assumption of tubular structure of microvilli or collagen fibrils produces minimally biased 
estimates of the structure volume and surface densities (Gundersen 1979; Gundersen et al. 
1988b). 
It is well known that in stereology and in quantitative microscopy overall, specimen 
sampling plays a crucial role (Weibel 1979). An awareness of biological variation is critical 
in order to assess the correct number of animals, blocks per animal, sections per block, and 
fields per section for the material under examination. The key word in the sampling 





in terms of spatial position and orientation. If positional variation does not exist, the tissue 
or structure is said to be homogeneous (Mayhew 1991). In terms of its cytoarchitecture and 
matrix as a whole, the articular cartilage can be considered as homogeneous tissue. If 
variation in orientation does not exist, the structure or tissue is said to be isotropic 
(Mayhew 1991). Articular cartilage is not isotropic due to the layered structure of the 
tissue. Within its layers, i.e. zones, the orientation of collagen fibrils varies and the fibrils 
are oriented more or less either parallel with or perpendicular to the cartilage surface. In 
order that a stereological parameter can be considered as a reliable estimate, the section 
position must be randomized, i.e. every place on the specimen must have the same chance 
of being selected for examination (Uniform Random). In the estimation of surface (SV) or 
length (LV) density, also the orientation of the section must be randomized (Isotropy) 
(Mayhew 1991).  
In traditional stereology, there is the basic assumption that there is an isotropic uniform 
random (IUR) sampling of the specimens for estimation of values of SV and LV. Baddeley et 
al. (1986) proposed that the vertical section sampling for layered, anisotropic tissues such 
as cartilage is a robust and reliable method for SV estimation. In this technique, sections are 
cut perpendicular to an a priori chosen horizontal plane, i.e. the section plane itself is not 
IUR in 3D. This IUR in 3D can be, however, attained by using cycloid test lines (Baddeley 
et al. 1986; Mayhew 1991). While the volume fraction (VV) can be estimated with a point 
grid, the cycloid test system on vertical sections permits the estimation of SV. In theory, it is 
also possible to estimate LV of linear, truly 1D features with cycloid shaped test lines on 
vertical slices, as presented by Gokhale (1990). Nyengaard and Gundersen (1992) 
described a robust technique for obtaining IUR samples with small specimens. The 
technique is called the isector. Briefly, in this technique, small tissue specimens, otherwise 
difficult to rotate randomly in 3D, are embedded in a medium (e.g., epon) using spherical 
moulds. Then the spherical specimens are rolled on the table before a second embedding 
in the medium to obtain the IUR sampled tissue specimens (Nyengaard & Gundersen 
1992). 
The need for randomization extends also to the fields of view of the sections and the 
measurements to be carried out from these fields. The field sampling must be systematic 
and independent of the content and observer (Gundersen et al. 1988b). Systematic random 
sampling has been well illustrated by Gundersen & Jensen (1987); this technique decreases 
remarkably the error of variance and increases the efficiency of the estimation method. In 
this technique, the position of the first field of view is selected at random, and a certain 
systematic pattern then determines the position of all the other fields to be measured in 
the sample (Mayhew 1991). 
One source of bias can arise from ‘thick’ tissue sections. The direct traditional 
stereological procedure of VV and SV estimation is based on the concept of infinitely thin 
sections. The relative section thickness (G) can be expressed as follows, 
 
G = t / d,    (1).  
 
In the formula, t is the section thickness and d the dimension of the structural component 
of interest (e.g., diameter of the collagen fibril). When G is high, the direct estimation of VV 
and SV is biased due to overprojection (also called the Holmes effect) (Holmes 1927), 
truncation, and overlapping (Gundersen 1979) (Fig. 4). Usually, when G is less than 0.2, 
the section lies to all intents and purposes in an infinitely thin 2D section plane and the 
bias is negligible (Weibel & Paumgartner 1978). This is easily achieved at the light 
microscopic level. At the ultrastructural level, the section thickness varies between 30 and 





Stockwell 1979; Zambrano et al. 1982; Hedlund et al. 1993). This means that the relative 
section thickness G varies between 0.15 and 16, and the section is a ‘thick’ 3D piece of 
tissue having a volume. Inevitably the overestimation caused by the overprojection of the 
fibrils and the underestimation caused by the overlapping of the projected fibrils, and 
truncation, i.e. decreased resolution contrast of the fibril profiles towards the ends of the 
elongated profiles, leads to bias and this has to be taken into consideration (Gundersen 
1979; Cruz-Orive 1983) (Fig. 4). Calculation of the bias caused by the use of the finite 
section thickness has been performed, but the tissue must be itself isotropic before any 
correction factor can be applied and, hence, its use is not suitable for an anisotropic 
structure like articular cartilage (Cahn & Nutting 1959; Miles 1976; Weibel 1979; Cruz-
Orive 1983). Thus, due to the variations inherent in tissue properties, variation of 
specimen processing, and section staining, it is difficult to predict the magnitude of the 
truncation bias. 
Gundersen (1979) presented a theoretical basis for the use of LV and diameters to 
indirectly estimate the VV and SV with a minimal bias using IUR sections for the open-




Figure 4. Schematic presentation of the Holmes effect and its consequences: overprojection, 
overlapping, and truncation (Holmes 1927). 
 
assumed that tubule or cylinder diameters and lengths vary independently, or one of them 
is a constant. In the articular cartilage, the majority of the collagen fibrils are straight, 





considered as having infinite length compared to their diameters, i.e. the diameter to 
length ratio approaches zero. The LV can be determined as the number of collagen fibril 
profiles in the area frame (NA) multiplied by 2, 
 
  LV = NA x 2    (2) 
 
The LV is independent of variations in section thickness and thus this prevents any 
overprojection bias (Gundersen 1979). The fibril profile counting is also independent of the 
size, shape and degree of fuzziness (i.e. truncation bias) (Gundersen 1978; Gundersen 
1979). There is much less interference to profile counting attributable to overlapping than 
is the case with the estimation of profile areas or perimeters (Fig. 3). In addition, the 
average collagen fibril diameter can be estimated without bias as a short axis of the 
collagen fibril profile. Then, VV and SV are calculated as follows: 
 
  VV = π/4 x E(d2) x LV x 100%  (3) 
 
  SV = π x E(d) x LV   (4) 
 
E(d) in the formula (4) is the average collagen fibril diameter and E(d2) in the formula (3) is 
the average of the second powers of the collagen fibril diameters (Gundersen 1979). Since 
these estimates can be computed separately for each zone using a zonal IUR sampling and 
an isector (Nyengaard & Gundersen 1992), the zonal information is preserved. 
2.7 POLARIZED LIGHT MICROSCOPY (PLM) OF ARTICULAR 
CARTILAGE COLLAGEN 
Network forming collagen fibrils in the articular cartilage have the capability to rotate the 
plane of polarized light due to the anisotropic organization of the fibrils. This 
phenomenon is called birefringence (BF). In practice, the phenomenon is seen as an image 
when an unstained articular cartilage section is placed in between two perpendicularly set 
polarizers. The transmitted monochromatic light intensity is related to the organization 
and orientation (anisotropy) of the collagen network and also to a lesser extent to the 
amount of the collagen fibrils (Bennet 1950; Modis 1991; Arokoski et al. 1996). 
In the superficial and deep zones, the collagen fibrils are organized in a more parallel 
manner than in the intermediate zone. When the system of a crossed polariser and 
analyser with an attached λ/4 compensator is adjusted with respect to the articular 
cartilage surface (at an angle of ±45 degrees), the anisotropic superficial and deep zones 
collagen network can be visualized on account of their high BF, while the more isotropic 
collagen network of the intermediate zone with a lower organization level demonstrates 
low or missing BF (Bennet 1950; Modis 1991; Arokoski et al. 1996). 
A recent development of polarized light microscopy has introduced new possibilities 
for application in the examination of the collagen network. The enhanced polarized light 
microscopy (ePLM), in addition to yielding the birefringence of the collagen network, 
provides information about parameters related to the average collagen fibril orientation in 
each image pixel as well as the parallelism of the fibrils (parallelism index, PI) (Rieppo et 
al. 2008). The ePLM combines the traditional linearly PLM with circularly polarized light. 
The technique eliminates the orientation-dependence of the linearly polarized 
measurements (Rieppo et al. 2008). ePLM permits the determination of the Stokes 





of the collagen fibril birefringence, average orientation of fibrils in each pixel, and the 
determination of the parallelism index (PI). However, ePLM cannot be used for the 
quantitative estimation of the collagen content (Rieppo et al. 2008). While traditional BF is 
considered to be dependent on the section thickness (collagen content in the cartilage), the 
PI reflects simply the parallel alignment of collagen fibrils and, therefore, it is a more 
optimal estimator of the organization of the collagen fibrils than BF in PLM that uses 




































































































3 Aims of the study 
Quantitative microscopy has been previously used to investigate the properties of the 
articular cartilage collagen network at the ultrastructural level. These early studies have 
utilized direct estimation measurements on 2D projected images. Efforts to use 
stereological techniques in these studies find it difficult to avoid the pitfall of systematic 
bias related to the relative section thickness. The purposes of the present study were to: 
 
 Establish a minimally biased indirect stereological technique for the analysis 
of the collagen network volume and surface densities using an unbiased 
estimation of collagen length densities and collagen fibril diameters at the 
ultrastructural level, and to compare the new stereological method with the 
previous direct volume and surface density estimation techniques using normal 
and mechanically loaded bovine articular cartilage as test tissues. 
 
 Investigate the effect of selective enzymatic degradation of the cartilage 
collagen on the stereological collagen estimates, quantitative polarized light 
microscopic and biochemical findings. 
 
 Examine the phenotype of the hyaline cartilage collagen network from 
different transgenic newborn mice lines using the new stereological method. 
 
 Characterize the phenotype of repair tissue collagen network after an 
















































































4 Materials and methods 
4.1 MATERIALS 
4.1.1 Bovine articular cartilage explants 
In studies I and II, 1-2-year-old bovine knee joints were obtained from the local abattoir 
(Atria Lihakunta Oyj, Kuopio, Finland) within a few hours after slaughtering. In study I, 
knee joints of 10 animals were opened 1-2 h after death. Eight articular cartilage plugs 
(diameter 3 mm) from each joint were dissected and detached from the medial patellar 
surface of the femur. Four plugs were randomly chosen for vertical sectioning and another 
4 for zonal isotropic uniform random (IUR) sampling (Fig. 5). In the in vitro mechanical 
loading in the study I, cartilage plugs of 3 mm in diameter were processed from the 
medial patellar surface of the femur of another 9 animals. The specimens were immersed 
in Dulbecco’s MEM/F-12 (1:1) incubation medium (Gibco BRL, Life Technologies, Paisley, 
UK) with 10 mmol/l Hepes (Sigma Chemical Co., St. Louis, MO, USA), antibiotics (100 
U/ml penicillin and 100 μg/ml streptomycin; Flow laboratories, Irvine, UK), 70 μg/ml 
sodium ascorbate (Sigma Chemical Co.), and 3 mM L-glutamic acid (Flow Laboratories). 
These plugs were compressed with a plane-ended stainless steel loading head at a 4.1 MPa 
cyclic pressure at a 0.5 Hz frequency at 37°C for 4 h (Király et al. 1998). Unloaded control 
plugs were incubated in the same medium for 4 h. 
In study II, knee joints of 50 animals were opened under aseptic conditions and 
osteochondral plugs of 18 mm in diameter were cut from the upper lateral facet of the 
patella (Fig. 6). The plugs were attached by tissue adhesive onto Petri dishes and cultured 
in MEM with Earle’s salt (Gibco BRL) at 37°C. The medium was supplemented with 
antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin; Flow laboratories), 70 μg/ml 
sodium ascorbate (Sigma Chemical Co.), and 3 mM L-glutamic acid (Gibco BRL). These 
articular cartilage tissue plugs were digested with 30 U/ml of highly purified protease-free 
bacterial (Clostridium histolyticum) collagenase (C0773 type VII, Sigma Chemical Co.) with 
treatment times of 24 or 48 h. The control specimens were incubated in the medium only. 
In study I, cartilage plugs were fixed in 2% glutaraldehyde buffered with 0.1 M 
cacodylate (pH 7.4), postfixed in 1% osmium tetroxide, dehydrated in an ascending series 
of ethanol solutions and embedded in LX-112 epoxy resin (Ladd Research Industries, 
Burlington, VT, USA). In the vertical section (VS) sampling, one ultrathin vertical section 
per block was cut using the uniform random principle, with a silver-gray interference 
color in a Reichert-Jung Ultracut E ultramicrotome (Reichert-Jung, Vienna, Austria). 
Cartilage plugs for the zonal isotropic uniform random (IUR) sampling were embedded in 
horizontal moulds. After polymerization, surplus Epon from the cartilage surface was 
trimmed off with a Leica Reichert Ultratrimmer (Leica, Vienna, Austria) and an LKB 11800 
Pyramitome (LKB, Bromma, Sweden). The Leitz Wetzlar 1600 saw-microtome (Ernst Leitz, 
Wetzlar, Germany), was used to cut an average of 51.3-μm-thick cartilage slices from the 
cartilage surface and another 107.5-μm-thick slice halfway between the cartilage surface 
and the cartilage-bone junction. The slices were re-embedded in Epon using the isector 
(Nyengaard & Gundersen 1992). Ultrathin sections per tissue slice block were cut from 
these slices with a silver-grey interference color using the uniform random principle (Fig. 
5). Specimens for the light microscopy were fixed in 4% phosphate buffered formaldehyde 





in an ascending series of ethanol solutions and embedded in Paraplast Plus (Sherwood 
Medical, St. Louis, MO, USA). Five μm-thick sections were cut using an LKB 2218 





Figure 5. Schematic presentation on the collection and processing of specimens from bovine 
knee joint for vertical (VS) and isotropic, uniform, random (IUR) sampling (Study I). 
 
In study II,  samples for electron and light microscopy and biochemical analyses were 
taken from osteochondral plugs by cutting out four cartilage cylinders of 3 mm in 
diameter and a rectangular cartilage block (4x7 mm) from the subchondral bone using a 
punch and a razor blade (Fig. 6). The rectangular samples were embedded in histoglue 
(Tissue-Tek OCT, Sakura Finetek Europe BV, Zoeterwoude, The Netherlands), frozen in 
isopentane (2-methylbutane, Fluka Chemie, Buchs, Swizerland), prechilled with liquid 
nitrogen, and stored at -80°C prior to hydroxyproline and pyridinoline analyses. In the 
specimens intended for light and electron microscopic evaluation, the cartilage cylinders 
were split vertically in two halves at random angles (Baddeley et al. 1986) (Fig.6). One half 
of the discs was fixed, dehydrated, and embedded for electron microscopy as in study I. In 
addition, IUR sampling and ultrathin sectioning of the uppermost third of the superficial 
zone (average of 50.0-μm-thick slices) were then carried out as described for study I. The 
other half of the disc was processed for PLM as also described for study I. 
The ultrathin sections examined in studies I and II were stained first manually with 1% 
tannic acid (Mallinckrodt, Paris, KY, USA) (Afzelius 1992) and then with uranyl acetate 
and lead citrate using a Leica Reichert Ultrostainer (Leica). 
 
4.1.2 Genetically manipulated mouse lines 
Three strains of genetically manipulated newborn mice (1-2-day-old) were examined; a) a 





transgene, or c) inactive alleles of procollagen N-proteinase (ADAMTS-2) gene. The 
specimens from these mice were analyzed quantitatively to determine the collagen 
network of hyaline cartilage at the ultrastructural level (study III). Tibial growth plate 




Figure 6. Schematic presentation describing the collection and processing of the collagenase-
treated superficial zone specimens collected from the upper lateral quadrant of the bovine 
patellar articular cartilage (Study II). 
 
point-mutated human COL2A1 transgenic mice or their wt littermates were investigated: 
(i) wt FVB/N mice with two active murine Col2a1 genes (M+/+) (n=8); (ii) transgenic mice 
with one active murine Col2a1 gene and one allele of the human COL2A1 transgene with 
Arg519Cys point-mutation (M+/-H) (n=6) (Arita et al. 2002); (iii) transgenic mice without 
active murine Col2a1 gene alleles and only one allele of the human COL2A1 transgene with 
the point-mutation (M-/-H) (n=10) (Arita et al. 2002), and (iv) transgenic mice without 
active murine Col2a1 gene alleles and two alleles of the human COL2A1 transgene with the 
point-mutation (M-/-HH) (n=13) (Sahlman et al. 2001). The cultured skin fibroblasts from a 
proband with a primary generalized osteoarthritis associated with mild chondrodysplasia 
were used to isolate the DNA containing the COL2A1 gene with Arg519Cys point-
mutation (Ala-Kokko et al. 1990). The DNA construct was then injected into the pronuclei 
of fertilized eggs from the inbred mouse strain FVB/N, and PCR was used to identify the 
transgenic mice (Arita et al. 2002). Mice with two normal murine alleles and one allele of 





(Li et al. 1995). Transgenic mice with one murine allele and one mutated human allele 
were then bred to produce the above different types of transgenic mice lines. 
The tibial growth plate cartilage of mice with inactive alleles of the procollagen N-
proteinase (ADAMTS-2) (PNP-KO, n=9) was investigated. These mice were generated 
using the homologous recombination technique and the transgenic offspring were 
identified by Southern-blot analysis. Their normal littermates (C57BL/6 mice, n=13) served 
as controls (Li et al. 2001). 
The nasal septal cartilages were harvested for the investigation from both the mice with 
two active murine Col2a1 gene alleles and one copy of the human COL2A1 transgene with 
deleted exons 16-27 (M+/+ COL2A1-Del, n=12) and their wt littermates (n=12) (Helminen et 
al. 1993). The transgenic mice were produced using the inbred FVB/N strain as described 
by Vandenberg et al. (1991). The separation of transgenic mice from their wt littermates 
was done using PCR (Helminen et al. 1993). 
The murine cartilage specimens were fixed in half strength Karnowsky’s fixative [2% 
(w/v) paraformaldehyde and 2.5% (w/v) glutaraldehyde buffered with 0.1 M phosphate 
(pH 7.3)] at 4°C overnight, and then decalcified with 7.5% EDTA in 1% paraformaldehyde 
buffered with 0.1 M phosphate (pH 7.4) at 4°C for 14 days. Specimens for electron 
microscopy were dissected free under a stereomicroscope. All samples were postfixed in 
1% osmium tetroxide, dehydrated in an ascending series of ethanol solutions and 
embedded in LX-112 epoxy resin (Ladd Research Industries). One tissue block per animal 
was prepared for EM. The isector was used for the IUR sampling of specimens (Nyengaard 
& Gundersen 1992). Ultrathin sections were cut and stained as described for studies I and 
II. 
4.1.3 Porcine knee cartilage 
Skeletally immature pigs, aged 8-9 months and average weight being 90-100kg, (n=16) 
were used in study IV. During the first operation while the animal was anesthetized, a 
full-thickness cartilage biopsy, size about 4 x 15 mm (ca. 300 mg) was taken from the left 
knee joint through a lateral arthrotomy to obtain cartilage samples for cell culture. A 
biopsy was taken from the margin of the lateral facet of the patellar groove as described 
earlier (Vasara et al. 2006), and the wound was closed in layers. 
Within 24 hours of harvesting, the cartilage biopsies were minced and digested with 
collagenase overnight at 37°C and the isolated cells were resuspended in DMEM/F12 
medium (6000 cells/cm2), supplemented with gentamycin sulphate (50 μg/ml), 
amphotericin B (2 μg/ml), ascorbic acid (50 μg/ml), L-glutamine (Gibco-BRL) and 10% fetal 
calf serum. The cells were cultured in a monolayer culture. The cells were counted and 
their viability was tested with trypan blue. Prior to implantation, a total of 3x106 
cells/animal was diluted in 100 μl of Ham’s F12 medium supplemented with gentamycin 
sulphate, amphotericin B, and 20% fetal calf serum. 
In the ACT, lateral arthrotomy exposure of the lateral facet of the patellar groove of the 
right femur was conducted. A cartilage lesion of 6 mm in diameter was created on the 
upper part of the lateral facet of the patellar groove with a biopsy punch and the cartilage 
was excised down to the cartilage-bone interface with a knife and a curette while avoiding 
any damage or bleeding of the subchondral bone. A tibial periosteal flap of 8 mm in 
diameter was then sutured and sealed using 6-0 resorbable suture material (Vicryl, 
Ethicon Inc., Piscataway, NJ, U.S.A.) and fibril glue (Tisseel Duo Quick, Immuno AG, 
Vienna, Austria) over the lesion with the cambium layer facing the subchondral bone. The 
pre-cultured chondrocytes (3x106 cells in 100 μl of implantation medium) were deposited 





previously. The wound was closed in layers and no immobilization was applied 
postoperatively. Flunixin meglumin 2.2 mg/kg i.m. (Finadyne 50 mg/ml, Schering-Plough 
A/S, Denmark) was provided for analgesia for three days after the procedure. 
The animals were sedated with atropine 0.05 mg/kg and azaperone 8.0 mg/kg and 
euthanized with T-61 4 ml/50 kg (Hoechst Roussel Vet GmbH, Unterschleissheim, 
Germany) after three or twelve months. Both knees were X-rayed, opened and the lesions 
were photographed. Two 2-mm-thick cartilage slices were prepared by sawing with a 
dentist’s drill in a perpendicular direction to the articular surface in the middle of the 
lesions. The same location of the contralateral joint served as the site of the control 
cartilage samples. Two samples were lost due to problems in the sample collection, one 
sample for the EM in the three-month control group and another for EM in the twelve-
month control group. In two operated knee joints of the one-year group, the exact site of 
lesion was not clearly identifiable due to the presence of patellofemoral osteoarthritis and 
therefore the EM samples were not collected. 
The samples for electron microscopy were fixed as described for studies I and II. From 
the middle of the lesions, one piece (size 2x2x2 mm) of repair tissue and one piece of 
normal articular cartilage from the control side were cut, postfixed, dehydrated, and 
embedded as described for studies I and II. In order to create IUR samples, the isector was 
used (Nyengaard & Gundersen 1992). Ultrathin sections were cut and stained as in studies 
I, II, and III. 
The samples for light microscopy were fixed in 4% formaldehyde in 0.07 M sodium 
phosphate buffer (pH 7.0). Decalcification was performed with 10% EDTA and 4% 
formaldehyde in 0.1 M sodium phosphate buffer (pH 7.4) for 14 days. 
4.2 METHODS 
4.2.1 Electron microscopy 
In the studies presented here (I-IV), electron microscopic stereology was used to estimate 
the collagen fibril volume, surface, and length densities and the average collagen fibril 
diameter. Ultrathin sections were examined with a JEOL-1200EX transmission electron 
microscope (JEOL, Tokyo, Japan) at 80 kV. The sections were investigated by using the 
systematic random sampling technique. The magnification was verified with a cross 
grating replica (54 864 lines/inch, Bal-Tec, Liechtenstein). In the validation of the method 
developed in study I, both IUR and vertical sections were used in the stereological 
analysis. Thus, five micrographs per vertical section (1 randomly selected section per 
block, 4 blocks per animal) were taken from both the superficial zone (average depth 25 
μm, magnification of x 50 000) and the deep zone (halfway between the cartilage surface 
and the cartilage-bone junction, magnification of x 20 000). In addition, in the IUR 
ultrathin sections, five micrographs were obtained both from the superficial (4 
blocks/animal) and the deep zones (4 blocks/animal) at a magnification of x 50 000. In 
study II, three micrographs per section (1 randomly selected section per block, 2 blocks per 
animal) were taken from the superficial zone IUR section at a magnification of x 50 000. In 
study III, three images (1 randomly selected section per block, 1 block per animal) were 
obtained from the whole-depth IUR ultrathin sections at a magnification of x 120 000. In 
study IV, three images were obtained (1 randomly selected section per block, 1 block per 
knee joint) from the whole-depth IUR ultrathin sections at a magnification of x 50 000 and 
x 100 000. In studies III and IV, images were available in digital format (TIF grayscale 





microscope. In studies I and II, the images were first taken as traditional negatives and 
then digitized (TIF grayscale 1024x1024 bytes, 8 bits). 
All stereological measurements were done after coding and randomizing of the images, 
and their analysis was conducted blind without any knowledge of the tissue treatment or 
genetic background of the animal. Collagen volume (VV), surface (SV), and length (LV) 
densities were estimated indirectly from collagen profile numbers and average fibril 
diameters, or averages of the second powers of the diameters using PRISM (v. 3.5, 
Analytical Vision, Raleigh, NC, USA) image analysis software according to equations (2), 
(3), and (4). In all of the studies except for study IV, the indirect stereological 
measurements were conducted using a single magnification of either x 20 000, x 50 000, or 
x 120 000. In study IV, the collagen fibril diameter was estimated at a magnification of x 
100 000 and the collagen fibril profile number at a magnification of x 50 000. 
4.2.2 Light microscopy 
In study II, 5-μm-thick sections were analyzed by quantitative linearly polarized light 
microscopy (PLM) to assess the birefringence signal in the articular cartilage. Briefly, the 
birefringence originates from not only the spatial arrangement of the fibrillar collagen but 
also to a lesser extent from its quantity (mass). The analysis was carried out with a digital 
image analysis system for PLM (Módis 1991; Arokoski et al. 1996). Measurements were 
carried out using unstained vertical 5-μm-thick whole-depth sections. From each animal, 
four independent vertically randomized section planes were analyzed using three 
successive sections for each orientation. The whole superficial zone birefringence, the 
average birefringence of the uppermost, middle, and lowermost thirds of the superficial 
zone, and the average zone thickness were computed (Arokoski et al. 1996). The border 
between the superficial and intermediate zones was determined from the birefringence 
histogram given by PLM. 
In study IV, the enhanced quantitative polarized light microscopy (ePLM) was used to 
calculate the mean parallelism index (i.e. 0-100% parallelism of fibrils) of the collagen 
network of both the repaired tissue and normal articular cartilage (Rieppo et al. 2008). 
Measurements were carried out using unstained 5-μm-thick vertical whole-depth cartilage 
sections reaching from the surface to the cartilage-bone interface. Three randomly selected 
histological sections were analyzed from each specimen. 
In study IV, the histological evaluation (modified O’Driscoll’s scoring) of the repair 
tissue was done from safranin-O-stained sections by 3 independent observers. The type II 
collagen distribution was examined immunohistochemically after pretreating the sections 
with hyaluronidase and pronase and using a monoclonal E8 antibody (Holmdahl et al. 
1986) before staining routinely with Envison kit (DakoCytomation, Carpinteria, CA, USA) 
(Vasara et al. 2006). In negative controls, the collagen type II antiserum was either replaced 
with non-immune murine serum or the primary antibody was omitted. 
4.2.3 Biochemistry 
In study II, an average of 172-μm-thick slices were cut from the surface of the frozen 
rectangular cartilage blocks with a cryomicrotome (2800 Frigocut E, Reichert-Jung). This 
thickness corresponds to the thickness of the superficial zone as determined in the PLM. In 
the quantification of the water content, the slices were weighed before and after freeze-
drying in a lyophilizator. Then, the specimens were hydrolyzed in 6 mol/l hydrochloric 
acid at 110 °C for 24h in sealed tubes and the collagen content was determined from the 
hydroxyproline, and hydroxypyridinum crosslinks as pyridinoline. Hydroxyproline 





(Merck Hitachi, Hitachi, Tokyo, Japan) with the 0-phthalaldehyde/9-
fluorenylmethoxycarbonyl chloride derivatization system. This method was originally 
described by Teerlink et al. (1989) and afterwards modified by Palokangas et al. (1992). 
Part of the hydrolysate was subjected to partition chromatography (Black et al. 1988), and 
measurement of pyridinoline was conducted by reversed phase HPLC using previously 
described procedures (Eyre et al. 1984; Palokangas et al. 1992). Pyridinoline quantification 
was based on the use of purified and calibrated standards, as described by Cheng et al. 
(1996). The pyridinoline concentration was calculated as nmol/mg of dry cartilage weight 
and as nmol/nmol of collagen. These calculations were based on the assumption that 
13.3% of the amino acids of collagen are hydroxyproline and that the molecular weight of 
collagen is 300 kDa. 
4.2.4 Statistics 
In the statistical analysis of the microscopic and biochemical parameters (VV, SV, LV, the 
average collagen fibril diameter, the cartilage thickness, birefringence, collagen fibril 
parallelism, collagen amount, crosslink amount, and water concentration), either the 2-
tailed nonparametric Wilcoxon’s matched-pairs, signed-ranks test for dependent samples 
or the Mann-Whitney U test for independent samples was utilized using SPSS (v. 6.1.1., 
SPSS, Chicago, IL, USA) software. 
Due to the multiple comparisons between the parameters obtained either the Bonferroni 
(Studies I-III) or the Holm-Bonferroni (study IV) adjustments were applied when 





















































































5.1 METHODOLOGICAL ASPECTS AND COMPARISON OF 
DIFFERENT METHODS (STUDY I) 
In study I, a comparison was conducted between the three different electron microscopic 
stereological sampling methods in use to quantify the collagen network in order to 
identify possible differences and to pinpoint some methodological weaknesses and/or 
strengths of these different methods. 
The direct vertical section (direct VS) method, i.e. direct point and intersection counting 
on vertical sections, and the direct IUR method, i.e. direct point and intersection counting 
made on zonal IUR sections, yielded approximately 63-67% and 50-55% higher (p < 0.05) 
VV values for collagen fibrils in the interterritorial matrix of both the superficial and deep 
zones than the values obtained by the indirect IUR method (VV 25% and 29%, 
respectively), i.e. values obtained indirectly from collagen length density and diameter 
estimates from zonal IUR sections (Fig. 7). The VV obtained by the direct VS and direct IUR 
sampling methods did not differ from each other. 
The collagen SV value in the interterritorial matrix of the superficial zone, determined 
by the direct VS and direct IUR methods, was approximately 15-21% higher (p < 0.05) than 
the result yielded by the indirect IUR method (SV 0.026 nm2/nm3) (Fig. 7). In the deep zone, 
the collagen SV value determined by the direct IUR method was approximately 25% higher 
(p < 0.05) SV than that determined by the indirect IUR method (SV 0.020 nm2/nm3) (Fig. 7). 
The length of the collagen fibril diameter, based on IUR sampled section measurements, 
was 34.5 nm in the superficial zone and 50.5 nm in the deep zone (p < 0.01) (Fig. 8a). There 
were no significant differences between the results obtained with direct VS, direct IUR, or 
indirect IUR estimation procedures. The measurements of collagen fibril LV in indirect IUR 
sampled sections exhibited considerable variation between the animals. The average LV 
was 244.9 μm/μm3 in the superficial zone and 128.8 μm/μm3 in the deep zone (p < 0.01) 
(Fig. 8b). 
In vitro loading compressed the uncalcified articular cartilage from a height of 1401.9 
μm to 1124.8 μm in the cartilage tissue plugs (p < 0.01). The collagen VV and SV values 
were increased due to compression of the superficial zone, determined by the indirect IUR 
estimation (p < 0.05) (Fig. 9e- f). No differences were observed when the direct VS or direct 
IUR estimation techniques were used. 
When a total of 10 animals were examined, then the relative standard error of the mean 
of all parameters was under 10% in the direct VS, direct IUR, with indirect IUR estimations 
being somewhat higher with the indirect IUR technique. The indirect IUR technique was 















Figure 7. Direct vertical section VS, direct isotropic, uniform, random (IUR), and indirect IUR 
estimated collagen volume (a and b) and surface (c and d) densities in the superficial (a and c) 
and deep (b and d) zones of the articular cartilage. The mean values for each animal and the 
group means (± SD) are shown. *, p < 0.05 after Bonferroni correction. White bars: direct 
vertical section (VS) sampling; gray bars: direct isotropic uniform random (IUR) sampling; 





Figure 8. Collagen fibril diameter (a) and length density (b) in the IUR sampled micrographs of 
the superficial and deep zones of the articular cartilage. The mean values for each animal and 








Figure 9. Direct vertical section (VS) (a and b), direct isotropic, uniform random (IUR) (c and 
d), and indirect IUR (e and f) estimated collagen volume and surface densities in the 
superficial and deep zones after in vitro loading for 4 h. The group means (± SD) are shown. 
N.S., not significant; *, p < 0.05. White bars: control cartilage; black bars: loaded cartilage. 
 
5.2 EFFECTS OF ENZYMATIC CARTILAGE DEGRADATION (STUDY 
II) 
A specific in vitro degradation of the superficial zone collagen network obtained by 
treatment with collagenase enzyme caused the average collagen fibril diameter to decrease 
considerably. After 24h of collagenase digestion, the fibril diameter in the uppermost 
superficial zone was 64% lower and after 48h digestion, 62% lower than in the untreated 
controls (p < 0.001) (Fig. 10a). After the collagenase digestion, the average fibril thickness 
varied between the animals from 12.5 nm to 15 nm. The collagen VV was 89% and 95% 
lower after 24h and 48h digestions, respectively, in the uppermost third of the superficial 





were reduced being 64% and 86% lower as compared to untreated 24h and 48h controls, 
respectively (p < 0.001) (Fig. 10c). The collagen LV value remained unchanged after 24h 
digestion, but after 48h digestion it was 63% lower (p < 0.001) (Fig. 10d). 
The water content of the whole superficial zone increased by 8-9% after the digestions 
(p < 0.01-0.001) (Fig. 11a). The collagen concentration per wet weight in the whole 
superficial zone decreased by 60% and 77% (p < 0.001) and by 29% and 60% per dry 
weight (p < 0.05-0.01) after the 24h and 48h digestions, respectively (Fig. 11b-c). The 
pyridinoline concentration per dry weight (nmol/mg) of the whole superficial zone 
decreased by 31% and 57% after 24h and 48h digestions, respectively (p < 0.01) (Fig. 11d). 
However, the pyridinoline concentration with respect to collagen (nmol/nmol) in the 




Figure 10. Average collagen fibril diameter (a), the volume (b), surface (c), and length (d), 
densities of the collagen in the superficial zone of articular cartilage after 24h and 48h 
collagenase digestions. The group mean values (± SD) are shown. ***, p < 0.001 after 








Figure 11. Water content (a), collagen concentration per cartilage wet weight (b), per dry 
weight (c), and pyridinoline concentration per cartilage dry weight (d) in the superficial zone of 
articular cartilage after 24h and 48h collagenase digestions. The group mean values (± SD) 
are shown. *, p < 0.05; **, p < 0.01; ***, p < 0.001 after Bonferroni correction. White bars: 
control cartilage; black bars: collagenase digested cartilage. 
 
The birefringence of the whole superficial zone remained unchanged after the 24 h 
digestion, but after 48h digestion it had declined 76% when compared to untreated 
controls (p < 0.001) (Fig. 12a). Closer scrutiny revealed that in the uppermost third of the 
superficial zone, birefringence actually decreased by 36% after digestion for 24h (p < 0.01) 
(Fig. 12b) remaining unchanged in the middle third of the superficial zone after 24h 
digestion but after 48h digestion the value had decreased by 75% (p < 0.001) (Fig. 12c). In 
the lowermost third, the birefringence after 24h digestion was even 116% higher (p < 0.01) 
but then decreased dramatically after 48h digestion (p < 0.001) (Fig. 12d). Interestingly, 
incubation in the cell culture medium only caused a 47% increase in the birefringence of 







Figure 12. Collagen induced birefringence of the whole superficial zone (a), the uppermost 
third (b), the middle third (c), and the lowermost third (d) of the superficial zone of articular 
cartilage after 24h and 48h collagenase digestions. The group mean values (± SD) are shown. 
**, p < 0.01; ***, p < 0.001 after Bonferroni correction. White bars: control articular 
cartilage; black bars: collagenase digested articular cartilage. 
 
5.3 EFFECTS OF GENE INACTIVATION OR TRANSGENES ON 
COLLAGEN FIBRILS (STUDY III) 
The presence of the COL2A1 transgene with Arg519Cys mutation in newborn mice meant 
that the collagen fibrils of the growth plate were thinner than those in the control mice (p < 
0.05-0.01). The diameter of the collagen fibrils in the transgenic mice varied from 14.9 nm 
to 15.8 nm whereas in the wt mice it was 17.8 nm (Fig. 13a). In mice without an active 
murine Col2a1 gene and with one allele of the human COL2A1 transgene with a point 
mutation, collagen LV (0.98*10-4 vs. 2.63*10-4 nm/nm3), SV (0.46*10-2 vs. 1.47*10-2 nm2/nm3), 
and VV (1.9% vs. 7.2%) were clearly lower than in the wt mice (p < 0.01-0.001) (Fig. 13 a-d). 
In addition, mice with two alleles of the point-mutated human COL2A1 transgene 
displayed a significant decrease in collagen LV (2.01*10-4 nm/nm3), SV (1.00*10-2 nm2/nm3), 
and VV (4.3%) as compared with the control mice (Fig. 13). Mice with one active murine 
Col2a1 gene and one allele of the human point-mutated transgene showed a declining 








Figure 13. Average collagen fibril diameter from growth plate cartilage of newborn mouse tibia 
(a), the length density (b), the surface density (c), and the volume density (d) of collagen. 
M+/+, wt mice; M+/-H, mice with one murine Col2a1 gene and one allele of the human COL2A1 
gene with Arg519Cys mutation; M-/-H, mice with no murine Col2a1 gene and one allele of the 
human COL2A1 gene with Arg519Cys mutation; M-/-HH, mice with no murine Col2a1 gene and 
two alleles of the human COL2A1 gene with Arg519Cys mutation. The group mean values (± 
SD) are shown. *, p < 0.05; **, p < 0.01; ***, p < 0.001 after Bonferroni correction. 
 
Transgenic mice which had inactivation of both alleles of procollagen N-proteinase 
(ADAMTS-2) displayed equal fibril diameters and VV, SV, and LV estimates as the control 
mice. The growth cartilage collagen fibril diameter varied from 16.9 to 17.3 nm, LV from 
2.56*10-4 to 3.06*10-4 nm/nm3, SV from 1.37*10-2 to 1.64*10-2 nm2/nm3, and VV from 6.2 to 
7.4% (Fig. 14). 
FBN/N mouse strain carrying the human COL2A1 gene with deleted exons 16-27 had 
the same size of fibril diameters in nasal septum cartilage (18.7 vs. 18.7 nm) (Fig. 15a). In 
contrast, the values of collagen LV (2.17*10-4 vs. 2.98*10-4 nm/nm3) (p < 0.05), SV (1.27*10-2 vs. 
1.75*10-2 nm2/nm3) (p < 0.01), and VV (6.3 vs. 8.7%) (p < 0.05) were lower than in their 
control littermates (Fig. 15). 
The relative standard error of the mean remained under 10% for every stereological 






Figure 14. Collagen fibril diameter (a), and the length (b), surface (c), and volume (d) 
densities from growth plate cartilage of the newborn mouse tibia of either wt mice (wild-type) 
or mice with homologous procollagen N-proteinase gene knockout (PNP-Ko). The group mean 
values (± SD) are shown. N.S., not significant. 
 
Figure 15. Collagen fibril diameter (a), and the length (b), surface (c), and volume (d) 
densities from nasal septum cartilage of either newborn wt mice (wild-type) or mice with a 
copy of human COL2A1 transgene with a deletion of exons 16-27 (COL2A1-Del). The group 





5.4 COLLAGEN FIBRILS IN PORCINE REPAIR TISSUE (STUDY IV) 
The repair tissue showed intense immunostaining for type II collagen. The collagen fibril 
diameter histograms in the repair tissue displayed mainly thin fibrils at three months; the 
fibril histograms of the repair tissue and normal cartilage resembled each other with 
respect to shape (Fig. 16). The diameter of the fibrils in the repair tissue ranged from 20 to 
80 nm. However, in some parts of the repair tissue, in addition to thin fibrils there were 
also thicker collagen fibrils ranging from 130 to 340 nm in diameter. After three months, 
the average collagen fibril diameter was the same in the repair (42.2 nm) and control 
tissues (44.0 nm) (Table 1, Fig. 17). 
 
Table 1. Stereological collagen fibril estimates of articular cartilage and scoring of the 
properties of porcine repair tissue after ACT. The macroscopic evaluation was based on ICRS 
scoring system and the histological scoring according to the modified O’Driscoll’s score. The 
group averages were compared between the controls and operated groups. The mean values 
for each group are shown. n.s., not significant; *, p < 0.05; **, p < 0.01 after Holm-
Bonferroni correction. 
 Controls 
3-month vs. 1-year 
Operated 
3-month vs. 1-year 
Collagen fibril diameter, nm 44.0 vs. 53.3 n.s. 42.2 vs. 51.7 n.s. 
VV, % 23.7 vs. 29.3 n.s. 20.4 vs. 44.7 * 
SV, nm2/nm3 1.9*10-2 vs. 1.8*10-2 n.s. 1.5*10-2 vs. 3.1*10-2 ** 
LV, nm/nm3 1.4*10-4 vs. 1.1*10-4 n.s. 1.2*10-4 vs. 2.1*10-4 n.s. 
ICRS macroscopic scoring, 0-15  7.0 vs. 8.0 n.s. 








Figure 16. Histograms showing the diameter of collagen fibrils in porcine articular cartilage 
after the autologous chondrocyte transplantation (ACT) operation. Control (a) and operated (b) 
knee joint three months after the operation. Control (c) and operated (d) knee joint twelve 
months after the operation. X-axis: collagen fibril diameter; y-axis: number of fibril profiles. 
 
Collagen LV and SV remained the same in the repair and control tissues three months 
after the operation. The values of LV were 1.2*10-4 and 1.4*10-4 nm/nm3 and SV 1.50*10-2 and 
1.87*10-2 nm2/nm3 in the repair tissue and normal cartilage, respectively (Table 1, Fig. 17). 
Collagen VV was lower in the repair tissue three months after the operation (20.4%) as 
compared to the normal cartilage (23.7%) (p < 0.05) (Fig. 17). The average cartilage 
anisotropy, i.e. the degree of parallelism of the collagen fibrils, was significantly higher in 
the repair tissue three months after the operation (55.7%), as compared to the normal 







Figure 17. Collagen fibril diameter of porcine articular cartilage three months after ACT 
operation (a), and the length (b), the surface (c), and the volume (d) densities of collagen. 
The mean values for each animal and the group means (± SD) are shown. N.S., not 
significant; *, p < 0.05 after Holm-Bonferroni correction. White bars: control cartilage; black 




Figure 18. Articular cartilage collagen fibril parallelism from porcine control and operated knee 
joints three months (a) and one year (b) after the operation. The mean values for each animal 
and the group means (± SD) are shown. *, p < 0.05. White bars: control cartilage; black bars: 
repair tissue. 
 
The collagen fibril diameter was rather similar in both groups one year after the 
operation, being 51.7 nm and 53.3 nm in the repair tissue and normal articular cartilage, 
respectively (Table 1). In addition, collagen fibril histogram of the repair tissue resembled 





nm in the repair tissue, which was similar to that found in the normal articular cartilage 
(Fig. 16). 
One year after the surgery the values of the collagen estimates LV, SV, and VV did not 
differ significantly between the repair tissue and normal articular cartilage, even though 
the group averages were clearly higher in the repair tissue. The LV values were 2.1*10-4 and 
1.1*10-4 nm/nm3, SV 3.1*10-2 and 1.8*10-2 nm2/nm3, and VV 44.7 and 29.3% in the repair tissue 
and normal articular cartilage, respectively (Table 1). In the repair tissue, VV (20.4 vs. 
44.7%, p < 0.05) and SV (1.5*10-2 vs. 3.1*10-2 nm2/nm3, p < 0.01) increased remarkably 
between the 3- and 12-month time points (Table 1). The average cartilage anisotropy was 
significantly lower in the repair tissue one year after the surgery (47.5%) when compared 
to the normal articular cartilage (69.8%) (p < 0.05) (Fig. 18). The relative standard error of 
the mean for the stereological estimates remained under 10%, being the lowest for SV three 











































6.1 METHODOLOGICAL ASPECTS (STUDY I) 
The indirectly estimated values of collagen VV and SV, using IUR sections differed from 
those estimated directly either from vertical or IUR sections. Most probably, this difference 
was caused by the overprojection due to the high relative section thickness (equation 1).  
Based on equations (3) and (4), the relationship between VV, SV, and collagen fibril 
diameter, d, can be written as follows: 
 
  VV/SV = d/4.    (5) 
 
If a stereological technique estimates reliably VV and SV, it would be logical to expect that 
these estimated values should yield a good prediction of the mean collagen fibril diameter. 
With the indirect IUR technique, the predicted bovine collagen fibril diameters were 37.6 
and 56.5 nm, for the direct IUR technique 50.9 and 69.8 nm, and for the direct VS technique 
54.5 and 75.8 nm for the superficial and deep zones, respectively. The observation of 34.5 
and 50.5 nm of the collagen fibril diameter yielded a reasonable agreement between the 
observed and predicted diameters obtained by the indirect IUR technique. 
Collagen VV of the superficial (25%) and deep (29%) zones did not markedly differ from 
each other after the indirect IUR estimation. Instead, a significant decrease in the collagen 
LV and SV was seen from the superficial (SV 0.026 nm2/nm3, LV 244.9 μm/μm3) to the deep 
(SV 0.020 nm2/nm3, LV 128.8 μm/μm3) zones. This is in line with the previous studies and in 
agreement with the increase of the collagen fibril diameter from the superficial (34.5 nm) 
to the deep (50.5 nm) zones (Paukkonen & Helminen 1987b; Hedlund et al. 1993). Probably 
due to an overprojection bias caused by the direct estimation technique, and the high 
relative section thickness, the values of collagen fibril VV in the previous studies has been 
between 35 and 88% in the superficial and 43 and 94% in the deep zone, also depending on 
the animal species and the location of the area under examination (Hedlund et al. 1993; 
Arokoski et al. 1996; Curtin & Reville 1995; Panula et al. 1998). In contrast, collagen VV 
varied between the animals from 16% to 31% in the superficial and from 14% to 42% in the 
deep zone when determined by the indirect IUR. The differences were mainly caused by 
the variation of the LV between the animals (in the superficial zone from 154 to 318 
μm/μm3 and in the deep zone from 66 to 197 μm/μm3) whereas the collagen fibril diameter 
varied only slightly. It is plausible that this large biological variation in collagen VV also 
affects the biological and biomechanical properties of cartilage. Since the length density 
(LV) and collagen fibril diameter appeared to be minimally biased, even on account of the 
high relative section thickness, the indirect IUR technique can possibly be regarded ‘a gold 
standard’ when conducting ultrastructural stereological estimation of the properties of 
collagen fibril network. 
The cartilage explants were compressed and, hence, also collagen VV and SV were 
increased in the superficial zone of the articular cartilage after in vitro loading. In the 
previous study, the authors described an increased superficial zone retardation signal 
measured with quantitative PLM after cyclic loading. This increase in collagen VV is well 
in line with this (Király et al. 1998), but here it was only seen in the superficial zone, and 





EM-stereological method to detect changes of the collagen network. In principle, the 
combined actions of overprojection, profile overlapping, and ‘fuzzy’ profiles could mask 
the effects of collagen network compression when the direct IUR or direct VS techniques 
were used.  
6.2 COLLAGENASE DIGESTION OF CARTILAGE EXPLANTS (STUDY 
II) 
After collagenase digestion for 24h or 48h, the average collagen fibril diameter, VV, SV, and 
LV declined remarkably. Simultaneously, the water content of the superficial zone 
increased. One plausible explanation is that the collagenase attack on the fibrillar network 
reduced the interfibrillar interactions which was followed by fibril rearrangement and 
swelling of the tissue. In previous studies, the collagen fibril diameter has been observed 
to decrease in fibrillated and osteoarthritic cartilage (Curtin & Reville 1995), and 
collagenase digestion has increased the water content of the cartilage (Joseph et al. 1999). 
In this study, the amount of collagen per wet and dry weight of cartilage was reduced 
after collagenase digestion. This finding is in line with the observed decrease obtained in 
the stereological estimates. Collagen amount per dry weight remained at about the same 
level as in previous studies (Byers et al. 1977; Venn 1979; Väätäinen et al. 1998). The 
numerical values of the biochemically determined collagen amounts differed markedly, 
however, from the stereologically estimated collagen VV percentages. This difference may 
well be due to the probability that the reference volume of the articular cartilage tissue 
sample shrank somewhat during the fixation process. The collagen fibrils, containing less 
water than the matrix itself as a whole, probably shrank less than the rest of the matrix and 
this may cause the VV value to increase to some extent as a result of the fixation process. 
Furthermore, the collagen concentration estimated was from the whole superficial zone 
cartilage, whereas the stereological VV estimate was only from the most superior third of 
the superficial zone of articular cartilage and only from the interterritorial matrix. Another 
issue is the so-called intrafibrillal water, approximately 0.7 g per gram of collagen bound 
in the collagen fibrils, which could have affected differently the stereological VV and the 
biochemical collagen concentration estimates (Maroudas & Bannon 1981; Maroudas & 
Urban 1980). 
As expected, the birefringence of the whole superficial zone was significantly reduced 
(76%) after 48h collagenase incubation. After 24h collagenase incubation, however, while 
the birefringence of the uppermost third had diminished by 36%, the birefringence of the 
lowermost third of the superficial zone had unexpectedly increased. It is significant that 
also the birefringence of the superficial zone of the control tissue increased after the 48-
hour incubation in the medium lacking collagenase. It is possible that some kind of 
collagen fibril rearrangement had taken place in the tissue, possibly due to activation of 
endogenous proteinases and this may have been responsible for the increased 
birefringence of the lowermost third and the control cartilage. Collagenase digestion 
causes proteoglycan diffusion out of the tissue into the incubation medium and this 
proteoglycan depletion is believed to exert an effect on the rearrangement of the collagen 
fibrils (Arokoski et al. 1993; Arokoski et al. 1996; Nieminen et al. 2000). Both the 
organization of the collagen fibrils and their amount play a role in the generation of the 
birefringence signal. Furthermore, swelling of the superficial zone cartilage after 
collagenase digestion probably had a major influence on the birefringence signal. 
The stereological collagen fibril estimates after enzyme digestions were consistent with 





interpret. However, the amount of time involved in EM stereology exceeded the time 
needed to complete the quantitative PLM. The EM stereological estimates also displayed 
greater variation than the estimates of the quantitative PLM. Due to this fact, EM 
stereology does not seem to be suitable for screening large numbers of specimens. 
However, EM stereology proved to be an effective microscopic technique when properties 
of the collagen network of articular cartilage need to be investigated. 
6.3 COLLAGEN NETWORK IN TRANSGENIC MICE (STUDY III) 
The stereological VV, SV, and LV estimations were excellent in revealing the differences of 
the parameters between the newborn transgenic and control mice. It became apparent that 
the cartilage collagen network in the newborn mice was sparser than in older animals. 
This made it possible to distinguish clearly the individual collagen fibril profiles and to 
estimate reliably LV and the average diameter of fibrils. 
In the growth plate cartilage of tibia, the transgene harbouring the point mutation 
(Arg519Cys) in human COL2A1 gene in mice appeared to have genetic activity that was 
inferior to that of active murine Col2a1 gene. The lowest values of VV, SV, LV, and fibril 
diameter were seen in mice with only one active human point mutated (Arg519Cys) 
COL2A1 gene. The VV was only 1.9%, being only one-fourth of the normal (in the wt mice 
7.2%). A decrease from 17.8 nm to 14.9 nm was observed in fibril diameter. As the number 
of incorporated genes increased and the emphasis of genetic activity shifted from human 
to murine genes, the stereological estimates gave higher values attaining the highest 
values in the group of control mice. 
As preliminarily reported in an earlier qualitative study (Li et al. 2001), the mice with 
inactive alleles for the procollagen N-proteinase and their control littermates displayed 
similar values in stereological parameters regarding the collagen fibril network (Fig. 14). 
Furthermore, quantitative PLM in the previous study detected no differences in the 
collagen birefringence between mice with inactive alleles for the procollagen N-proteinase 
and their control littermates (Li et al. 2001). 
The incorporated human COL2A1 transgene with a deletion of exons 16-27 in mice had 
no effect on the collagen fibril diameter, but the LV decreased and hence also the values of 
SV and VV declined as compared to the wt littermates. It has been previously assumed that 
the collagen fibrils were thinner in mice with this transgene, compared to the control mice 
(Vandenberg et al. 1991), but based on later qualitative studies, this difference could not be 
confirmed (Helminen et al. 1993). The findings of the present study support the concept 
that the human COL2A1 transgene with a deletion of exons 16-27 generates a less dense 
collagen network that is more poorly organized than in the control animals (Vandenberg 
et al. 1991; Helminen et al. 1993). The truncated human type II procollagen molecules, 
caused by deletion of exons 16-27, disturbed the secretion of the murine procollagen from 
chondrocytes. Support for this hypothesis was gained from an in vitro work with 
chondrocyte cultures of the transgenic mice, which found only 14-27% recovery of the 
endogenous murine 14C-labeled proα1(II) chains, compared to 33-40% of the control mice, 
from the cells and medium within a period of 4 h (Vandenberg et al. 1991). Thus the 
changes in the collagen network of transgenic mice can be attributed to a diminshed 
secretion of normal murine type II procollagen molecules. The reduced secretion of 
collagen might be due to the so-called ‘procollagen suicide’ occurring in cells producing 
structurally altered collagen molecules (Prockop 1990). It is also known from previous 
studies that the chondrocytes of transgenic mice have large endoplasmic reticulum 





activity. It is known that the collagen network is less well organized in these transgenic 
mice (Metsäranta et al. 1992; Helminen et al. 1993; Garofalo et al. 1993; Barbieri et al. 2003). 
An earlier study on transgenic embryos (15 days post coitum) detected significantly 
higher levels of the collagen VV than the present study (Arita et al. 2002). In this study, the 
collagen VV was reduced (from 25.9% in wt col2a1+/+) to 13.6% in transgenic homozygous 
mice harboring the human COL2A1 gene with Arg519Cys point mutation (M+/+HH). As 
stated above, the collagen VV of the wt mice in the present study was only 7.2%. The 
explanation for the difference between the values of collagen VV in these two studies 
(25.9% vs. 7.2%) could be the type of cartilage examined (articular, nasal, or growth plate 
cartilage) and also the use of the direct estimation of collagen VV by Arita et al. (2002), 
instead of the indirect IUR technique used here (Study III). 
The collagen fibril VV of either the growth plate or nasal septum cartilage varied 
between 6.2% and 8.7% in all normal mouse lines studied here at the age of 1-2 days. In a 
previous study on matrilin-1/matrilin-3-deficient mice (Nicolae et al. 2007), the collagen VV 
of the proximal epiphyseal and growth plate cartilage of tibia was 21.4% in the wt mice 
and 26.1% in single matrilin-3 mutants at the age of 7 days. The most dense collagen 
network was found in the double matrilin-1/-3 mutants (VV 39.0%) (Nicolae et al. 2007). 
There was a clear difference in the collagen VV values compared to the collagen VV values 
reported here. This difference could be explained by the fact that the animals studied were 
7-day-old compared to the present 1-2-day-old mice. In addition, Nicolae et al. (2007) used 
different tissue preservation techniques, namely high-pressure freezing, freeze 
substitution and osmium tetroxide fixation. It is possible that this procedure will shrink 
the tissue somewhat differently than the fixation used here. Nicolae et al (2007) also used a 
direct VV estimation technique, which may be another explanation for this discrepancy. In 
the study of Nicolae et al. (2007), the average collagen fibril diameter was 11.2 nm in the 
wt mice and it was elevated when matrilin genes were inactivated (from 11.7 to 13.3 nm). 
In summary, the minor difference between the results in the work of Nicolae et al. (2007) 
and the present study (fibril diameter ranging from 16.9 to 18.7 nm in wt mice) can be 
explained by use of different wt mouse lines, different age of the mice, and also partly by 
differences in the tissue preservation techniques. 
6.4 SURGICAL REPAIR OF ARTICULAR CARTILAGE INJURY 
(STUDY IV) 
The objective was to estimate the quality of repair tissue, i.e. the collagen fibril orientation, 
fibril diameter, VV, SV, and LV in the repair tissue and in the normal porcine articular 
cartilage by electron microscopic stereology and enhanced polarized light microscopy 
(ePLM). The main findings were that in the control cartilage, the stereological estimates 
detected only minor changes between the three- and twelve-month time points. On the 
other hand, in the repair tissue the VV and SV values increased during the twelve-month 
observation period. Twelve months after the surgery, the collagen content had increased 
significantly in the repair tissue at the same time as the fibrils showed a lower degree of 
organization than encountered in the normal articular cartilage. One interpretation is that 
the cartilage repair tissue remains softer than normal cartilage even one year after ACT 
(Peterson et al. 2002; Vasara et al. 2005). However, three months after surgery, the collagen 
fibrils of the repair tissue were surprisingly well organized in comparison to the normal 
articular cartilage. Possibly local mechanical conditions stimulated the repair tissue 
collagen fibrils to run more in parallel with each other. At the same time, VV was lower in 





cartilage (Vasara et al. 2004; Vasara et al. 2005; Vasara et al. 2006). One year after the 
surgery, the repair tissue had formed more and thicker collagen fibrils at the cost of 
collagen organization, i.e. the fibrils demonstrated reduced parallelism. This probably 
explains the increase of SV and VV in the repair tissue between the three- and twelve-
months time points after surgery. 
In the earlier study, the use of chondrocytes injected beneath the periosteum flap did 
not confer any additional benefit to the formation of repair tissue when compared with the 
spontaneous repair of the injury in the skeletally immature pigs (Vasara et al. 2006). In 
young humans, however, satisfactory and promising results have been reported with the 
use of ACT (Brittberg et al. 1994; Peterson et al. 2002 and 2010; Mithöfer et al. 2005b). Both 
in humans and pigs, the cartilage thickness is similar, and at least in humans, early 
detachment of the periosteum has not been a problem. In the present study there were no 
difficulties encountered in suturing the periosteal flap into its place. Fibrous hypertrophy 
at the surface of the repair tissue was seen in only one animal three months after the 
surgery, but in none of the animals when examined twelve months after the surgery. 
The average collagen fibril diameter increased with time in both the repair tissue and 
the normal cartilage. Three months after the surgery, in control cartilage the diameter was 
44.0 nm and 42.2 nm in the repair tissue, while one year after the surgery the diameter was 
53.3 nm in control cartilage and 51.7 nm in the repair tissue. Instead, in the control 
cartilage the LV, SV, and VV remained at the same level at both three months and one year 
after the procedure. In the repair tissue, however, SV and VV increased with time. It seems 
likely that during normal growth and maturation, the collagen fibrils appear to grow 
thicker and to arrange in a more parallel fashion. 
The time of weight bearing on the contralateral joint was limited after the surgery, as 
the animals ceased limping within one week after the operation, and it does not seem 
likely that there would have been any significant changes in the control cartilage due to 
abnormal joint loading. 
This study also reveals that the repair tissue is hyaline cartilage-like tissue with intense 
immunostaining for type II collagen. It also contains type II collagen-like fibrils with rather 
similar quantitative ultrastructural properties to the normal articular cartilage collagen 
network. The repair tissue seems to have a similar amount of collagen fibrils exhibiting the 
same diameters as normal articular cartilage. The orientation of the collagen fibrils in the 
repair tissue is inferior to that of the fibrils of the normal articular cartilage, evidence for 
the presence of a more randomly arranged collagen network in the repair tissue. These 
results probably account for the more inferior biomechanical properties of the human 








































































7 Summary and conclusions 
A model-based zonal electron microscopic stereological technique was developed where 
articular cartilage collagen fibril VV and SV can be calculated indirectly, based on the 
estimation of the collagen LV and average fibril diameter. This technique is a tool for 
evaluating, in principle, minimally biased ultrastructural parameters for the collagen 
microscopy. The present study tested this technique under different circumstances using 
different animal models. Several different in vitro and in vivo experiments were conducted 
in order to test the reliability of the technique. The stereological technique proved to be 
efficient and robust for use in collagen fibril research. On the basis of the published 
stereological principles, it seems that this stereological technique is superior to the other 
stereological techniques being used at present in collagen fibril research. The following 
conclusions can be drawn: 
 
 The indirect, model-based EM stereological technique is, in principle, a 
minimally biased method for the collagen VV and SV estimation in the articular 
cartilage and appears to be a more sensitive technique than direct stereological 
estimations of collagen fibril VV and SV. 
 
 This technique provides estimates that are well in line with the parameters 
obtained with other microscopic or biochemical techniques. 
 
 The stereological technique can be used successfully in the phenotype analysis 
of transgenic mouse lines harboring different mutations affecting collagen 
synthesis and/or processing. 
 
 The stereological technique can also be used for repair tissue analysis after 
cartilage repair surgery. The technique provides accurate and comprehensive 
information concerning properties of the collagen network of the repair tissue. 
 
 In the future, the indirect EM-stereological collagen fibril estimation may well 
even prove to be ‘the method of choice’ or ‘a gold standard’ when conducting 
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Collagen Network of the 
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Collagen Network of the 
Articular Cartilage
Ultrastructural Stereologic Analysis
The integrity of collagen network 
is essential for normal function 
and health of articular cartilage. 
In this thesis a minimally biased 
and sensitive stereologic electron 
microscopic method was developed 
and validated for the examination 
of the collagen network in normal 
and diseased articular cartilage. 
The method proved to be sensitive 
in revealing the differences in the 
stereological estimates between the 
transgenic and control mice groups 
and also characterized reliably the 
collagen network in cartilage repair 
tissue after autologous chondrocyte 
transplantation.
